UNCLASSIFIED 


_ AD  NUMBER _ 

ADB029164 

LIMITATION  CHANGES 
TO: 

Approved  for  public  release;  distribution  is 
unlimited. 


FROM: 

Distribution  authorized  to  U.S.  Gov't,  agencies 
only;  Test  and  Evaluation;  JUL  1977.  Other 
requests  shall  be  referred  to  Air  Force 
Materials  Lab.^  Wright -Patterson  AFB,  OH  45433. 


_ AUTHORITY 

AFWAL  Itr  21  Sep  1982 


THIS  PAGE  IS  UNCLASSIFIED 


t*  • 


.^1  ^ep 


a 


RELAXED  MANUFACTURING  DESIGN  TDLERANCE 
CDNCEPTS 

VtIwiM  II  -  AffMAfeM 


V 


NOTICE 

Wh«n  Govarnment  drawinga,  apaclflcatlona,  or  other  data  are 
uaed  for  any  purpoae  other  than  In  connection  v<th  a  definitely 
related  Government  procurement  operation,  the  United  States 
Government  thereby  Incura  no  reaponalblllty  nor  any  obligation 
whatsoever;  and  the  fact  that  the  government  may  have  formulated, 
furnished,  or  In  any  way  supplied  the  said  drawings,  specifi¬ 
cations,  or  other  data.  Is  not  to  be  regarded  by  Implication  or 
otherwise  as  In  any  manner  licensing  the  holder  or  any  other 
person  or  corporation,  or  conveying  any  rights  or  permission  to 
manufacture,  use  or  sell  any  patented  Invention  that  may  In  any 
way  be  related  thereto. 

This  technical  report  has  been  reviewed  and  Is  approved  for 
publication. 


Capt.  Dan  L.  Shunk 
Project  Engineer 
Metals  Branch 

Manufacturing  Technology  Division 


FOR  THE  DIRECTOR 


H.  A.  JdMnson 
Chief,  Metals  Branch 
Manufacturing  Technology  Division 


Copies  of  this  report  should  not  be  returned  unless  return 
Is  required  by  security  considerations,  contractual  obligations, 
or  notice  on  a  specific  document. 


AIN  PONCI7t«7tO/S  Jun«  1«7I  -  t»0 


UNCLASSIFIED _ 

stcumTY  cj.»s»tric AXIOM  or  thu  ^ack  d«i«  -  read  INSTRUCTIONS 

7  /)  REPORT  DOCUMENTATION  PAGE _ before  completiwg  form 

I  ji-~- —  »  OOVT  Acces»iON  no  J  «ci^icnt’$  catalog  numbih 

AFMLi^TR-77-100'^_Ql^n'^!  _ _ _ 

^  * - J— -  Type  or  W>»nAT  A  BtmOD  COVCAtO 

4.  title  litd  Suhinu)  - .  r  c>''j  V*  1  D  ^ 

Relaxed  Manufacturing  Design  ^  ^  V  lorft  j»?gVAprm  977 

Tolerance  Concepts  •  ^ol  uyy)  ^  V  PEnroAMiNo  obg.  bcboat  numbcb* 

‘V51;  II.  Appendices  ,  _ 

_ ^ ■  .  . . . . — •■  - — - i.  COMTRaCT  OB  OAANT  NUMBEAfi) 

;  AuTHOBra;  -v  '  . 

\  TrimuKSstvom  7  F33615,-74-C.5W,. 

^  /.  C<.L/  _ 


a  -  -  10,  PHOGHAM  CLtMENT.  PROJECT.  T  ASK 

9  PEMPOMMINO  OHCANiZATlON  NAME  ANO  ADDRESS  4  H09kr(.  UNIT  NUMBERS 

General  Dynamics  Corporation  ^  _  Report 

Fort  Worth  Division  t-ttbr  76101  Documentation  Page 

P.O.  Box  74R.  Fort  Worth,  Texas  76101 . . — - 

M.  CONTBOLLINGOfFlClNAMe  ANOAOOBESS  tV.I-  i®??  / 

Air  Force  Materials  Laboratory  (LTM)  - 

Air  Force  Systems , Command  ^^/oo  140 

. . 

j  Unclassified 

7  /is,  oecL  ass(Fication7downgbadino 
_ _ /  rn  scMEDuLe 

14  OISTBIBUTION  STATCMCNT  (of  (hi,  BaportJ  ^  J  «„!«•  toat  find 

Distribution  limited  to  U.  S.  Government  agencies  only,  test  ana 
;  statement  applied  April  1977 .  Other  requests 
for  this  document  must  be  referred  to  Manufacturing  Technology 
Division,  Air  Force  Materials  Laboratory,  Wright-Patterson  Air 

Force  Base,  Ohio  45433. - — _ — R ^ 

.7  O.STBIBUTION  4T  ATEMCHT  «.i  .A.  .4a.,.c.  aoi^.d  lA  Block  70.  It  Iron,  n,porl)  ^ 


DD  1473  -  Report 
Documentation  Page 


iD  Jul# 

n  mumbeAo' 

340 


AUG  10  1978 


I  II.  SURPtEMENTARV  NQTeT^ 


I*  KEY  WOBOS  fContlnu.  on  fa.ara.  a.da  (/  naeaaaary  «,d  l<t,nlllr  At  WocA  nuo.«arj“ 

Relaxed  Tolerance  Surface  Integrity 

Design  Guidelines  Hand-Finishing 


Fatigue  Life 
End-Milling 


Design  Guidelines  ttana-r  inisniUB  - - 

Mfg/Design  Interface  Measured  Roughness  Numerical  Control 

^Ai  /.Yf  u,»<-a  PmcrammlnE  Guide 


Aluminum 

10.  abstract  (Conllnu.  on  i 


6A1-4V  beta 

_ annealed _ 

tidm  If  noeooooiy  o"^  Idmnllty  by  block  niimbor; 


Programming  Guidelines 


aO  ABSTRACT  (Continue  an  ravf  alda  It  nacaaaary  ana  loenmy  r  ,  #  j  1 

This  report  describes  the  work  on  a  program  designed  to  relax 
design  requirements  on  milled  airframe  parts.  In  addition,  numer¬ 
ical  control  (NC)  programming  methods  are  optimized  to  decrease 

cutting  time. 

Traditional  design  dimensional  tolerances,  and  gepmetric 
details  such  as  corner  radii,  are  analyzed  as  to  cost  effectiveness , 

DD  IjS^TJ  1^73  EDITION  OF  t  NOV  4S,S  OBSOLETE  UNCLASSIFIED  ^0  ^  ^  ^  ^ 

SECURITY  CLASSIFICATION  &F  THIS  PAGE  fMTifn  D«l»  Enlordl) 


78 


28 


UNCIJ\SSIFIKD 


*tCUHlT>  CL  AtM>lC*TIO>^>  TmH  PAOI(l*Ti*n  P»<«  - 

and  cost/weight  trade-off  data  is  developed.  Guidelines  for 
relaxation  of  specific  detail  design  requirements  are  recommended 
for  aluminum  and  titanium  milled  parts.  Measured  surface  rough¬ 
ness  is  shown  by  component  test  to  have  no  correlation  with  fa¬ 
tigue  life,  and  revised  surface  roughness  Inspection  guidelines 
are  proposed.  Hand- flni shlng  of  milled  parts  is  shown  to  have 
little  or  no  value  in  extending  fatigue  life.  Geometric  stress 
concentrations  such  as  notches  or  fastener  holes  are  shown  to 
dictate  fatigue  life. 

NC  programming  guidelines  are  developed  by  conducting 
stiffener  machining  testa  and  NC  programming  development  tests. 
Two  F-16  production  parts  are  re-programmed  and  machined  and 
eleven  pieces  and  the  revised  programming  are  accepted  for  F-16 
production.  Cutting  time  is  reduced  substantially. 

Design  guidelines  are  Incorporated  into  F-16  production 
airframe  drawings  from  the  beginning  of  production.  Cost  records 
show  227.  reduced  hand- finishing  in  the  factory,  and  a  147.  total 
cost  reduction  for  milled  aluminum  parts  for  1000  1-16  aliciaft 
is  conservatively  projected. 
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APPENDIX  A 


"COMPARISON  PART"  ANALYSES 


The  nnnlytlcul  and  data  basts  for  the  generation  of  Design 
Guidelines  is  provided  in  this  appendix.  The  guidelines  developed 

are  o  presented. 


1.0  GENERAL  APPROACH  TO  ANALYSIS 

The  approach  taken  to  illustrate  the  benefit  of  relaxing 
tolerances  and  surface  finish  requirements  involved  three  basic 
steps : 

(1)  create  a  small  "unit"  part  representative  of  larger 
pocketed  parts  such  that  design  features  and  machining 
procedures  can  bo  easily  varied  and  analyzed, 

(2)  use  detailed  cost  data  from  NC  machined  parts  to 
segregate  and  develop  cost  factors,  and 

(3)  apply  these  cost  factors  to  the  unit  parts  to  deter¬ 
mine  the  effect  on  costs  of  changes  in  design  features 
and  machining  procedures. 

A  "unit"  part  was  created  to  be  representative  of  a  large 
variety  of  pocketed  aluminum  parts.  Ihis,  then,  became  a  bas... 
line  designed  with  conventional  features  in  terms  of  details  and 
tolerances.  A  NC  machining  program  was  then  generated  and  pro¬ 
cessed  by  a  computer  to  give  tape  run  time. 

A  number  of  typical  alternate  design  features  were  then 
identified;  and  new  parts,  "design  comparison  parts,"  were 
designed,  each  differing  from  the  baseline  in  only  one  feature. 

NC  programs  were  also  generated  for  each  of  these,  and  tape  time 
was  determined. 

Each  NC  program  was  designed  with  cutter  operations  and  feed 
rates  completely  realistic  such  that  an  actual  comparison  part 
could  be  machined  if  it  was  desired.  This  is  described  in  Sec¬ 
tions  3. 2  and  4.2. 

In  order  to  be  able  to  estimate  cost  for  each  of  the  alum¬ 
inum  comparison  parts,  31  large  F-111  NC  machined  aluminum  bulk¬ 
heads  and  spars  were  chosen;  cost  data  foreach  part  for  the 
various  basic  factory  functions  was  assembled  from  the  GD/F\'/D 
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compurerlzed  cost  data  centers.  This  was  analyzed  in  the  manner 
described  in  Sections  3.3  and  3.4,  and  the  resulting  relationships 
were  used  to  estimate  the  man-hour  cost  for  each  comparison  part, 
described  in  Section  3.5. 

To  estimate  cost  for  each  of  the  titanium  comparison  parts, 

13  large  NC  machined  titanium  (6A1-4V  beta  annealed)  parts  were 
chosen  from  the  Advanced  Metallic  Air  Vehicle  Structures  (AMAVS) 
program,  Contract  F33615-73-C-3001;  cost  data  for  each  part  for 
the  various  basic  factory  functions  were  assembled  from  the  com¬ 
puterized  cost  data  centers.  This  was  analyzed  in  the  manner 
described  in  Sections  4.3  and  4.4;  and  the  resulting  relation¬ 
ships  were  used  to  estimate  the  man-hour  cost  for  each  comparison 
part,  described  in  Section  4.5. 

Finally,  the  Guidelines  of  Section  5.0  were  created,  drawing 
from  the  data  described.  This  consisted  of  summarizing  and  analy¬ 
zing  the  coat  and  weight  differences  between  the  baseline  and 
competing  comparison  parts  or  the  differences  between  two  other 
competing  comparison  parts.  Each  comparison  led  to  a  conclusion 
or  Guideline. 


2.0  MATRIX  OF  DESIGN  COMPARISON  PARTS 

Small  unit  parte  representative  of  large  pocketed  aluminum 
and  titanium  parts  were  designed  to  determine  the  benefit  of 
relaxed  tolerances  (See  Figure  A-1),  Including  changes  in  machin¬ 
ing  procedures.  The  parts  were  programmed  for  NC  machining  using 
the  same  procedures  as  if  they  were  of  larger  parts.  The  smaller 
part  is  large  enough  to  Illustrate  the  changes  and  permitted  a 
minimum  programming  task.  Each  NC  program  is  complete  and  can 
be  used  to  machine  a  part.  The  matrix  of  comparison  parts  exam¬ 
ined  is  shown  in  Figures  A-2  and  A-3. 

The  baseline  part  (Figures  A-4  and  A-5)  is  typical  of  a  part 
with  pockets  machined  frcm  one  side.  Machining  procedures  are 
typical  for  such  a  part.  A  rough  and  finish  pass  is  made  to  web 
thickness,  a  rough  cut  is  made  in  the  corners  and  then  the  stif¬ 
fener  walls  and  corners  get  a  finish  cut.  Two  passes  are  then 
made  on  the  outside  perimeter  of  the  part. 

Each  alternate  part  differs  from  the  baseline  by  changing 
only  one  feature.  The  NC  tape  time  then  gives  the  change  in  time 
from  that  of  the  baseline  for  that  one  feature.  Features  examined 
include  lands,  flanged  stiffeners,  twisted  contoured  flanges,  thin 
stiffeners,  finish  cuts,  increased  feed  rates  and  relaxed  tolerances. 
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FIGURE  A-4  ALUMINUM  BASELINE  PART  DESIGN  AND  ALTERNATE  DETAILS 


FIGURE  A- 5  TITAinUM  BASELIKE  PART  DESIGK  AKD  ALTERKATE  DETAILS 


The  baseline  part  with  three  pockets  of  varying  size  is  typi¬ 
cal  of  pocketed  structure  and  has  all  of  the  features  of  the  areas 
where  907.  +  of  machining  is  done.  Local  load  introduction  areas 
were  not  included  because  these  vary  and  could  not  be  typified. 
Pockets  were  provided  on  one  side  only  on  the  comparison  parts 
because  programming  pockets  on  the  second  side  is  done  in  the  same 
manner.  In  reality,  the  NC  machine  operator  manually  reduces  the 
feed  rate  by  overriding  the  programmed  feed  rate  a  little  more  on 
the  second  side  due  to  having  less  material  behind  the  web;  however, 
a  designer  usually  provides  for  pockets  on  both  sides  only  when 
the  required  flange  width  or  connecting  structure  requires  it,  so 
an  option  to  omit  pockets  on  the  second  side  seldom  exists.  Con¬ 
sequently,  no  value  appeared  to  exist  to  justify  analysis  of  sue 

options . 


Figure  A-1  illustrates  how  the  baseline  is  a  typical  portion 
of  several  tvpes  of  machined  pocketed  structure.  The  weight  and 
“ost^  figures  presented  will,  of  "course,  change  to  some  extent  for 
the  various  types  of  larger  parts  that  exist  but  are  believed 
sufficiently  indicative  to  permit  decisions  that  may  be  somewhat 

better  than  in  the  past. 


3.0  ALUMINUM  NC  DATA  AND  COST  ANALYSIS 

Aluminum  NC  data  and  cost  analysis  for  the  guidelines  in 
Section  5.1  are  provided  in  this  section. 


3.1  Matrix  of  Aluminum  Design 
Comparison  Parts 

Figure  A-2  summarizes  each  of  the  comparison  parts  analyzed. 
Figure  A-4  illustrates  the  geometrical  features  of  each  compari¬ 
son  part. 


3.2  Design  Comparison  Parts-- 
Data  Summary 


Each  design  comparison  part  was  programmed  for  NC  machining 
to  determine  the  tape  time  for  machining  the  part.  In  this  way 
the  tape  time  differences  for  various  design  features ,  feed  rate 
changes  and  machining  concepts  could  be  measured.  Methods  of 
estimating  costs  are  usually  not  sensitive  to  differences  in 
tail  design  of  the  types  being  examined  here,  so  a  better  pro¬ 
cedure  was  needed  to  determine  the  cost  of  the  design  features 
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b..i„R  considered.  Correlation  oC  NC  tape  time  and  f 
man-hours  was  then  established  ns  explained  in  the  followinb 

paragraphs . 

The  NC  programs  were  processed  to  give  the  time  Cor  each 
operation.  Kach  operation  was  then  examined  ‘[‘'''j;""” 

for  changes  In  total  macblne  time.  This  data  along  with  weight.s, 
cutter  sixes  and  feed  rates  Is  summarized  In  Table  A-1. 


3.3  Cost  Analysis  Summary  of  31 
F-111  Production  Parts 

To  establish  the  total  cost  of  the  cost  comparison  parts, 
cost  data  for  31  production  parts  were  analyzed  to  establish 
cost  factors  for  estimation  purposes.  These  p^a-ts  were 
heads,  wing  spars,  and  longerons,  each  having  features  similai 

to  the  cost  comparison  parts. 

Manufacturing  cost  data  is  collected  for  each  part  by  cost 
task  center  on  a  computerized  system  at  GD/FWl).  Each  part  in 
manufacturing  has  a  computer  card  with  a  code  number  which  iden¬ 
tifies  the  part,  work  order  and  other  data.  This  card  is  pait 
of  the  "traveler"  package  that  includes  planning  for  the  part. 

When  an  employee  begins  work  on  a  part,  he  goes  to  a  nearby  com¬ 
puter  terminal,  inserts  his  employee  Identification  badge,  the 
computer  card  and  a  plastic  card  identifying  the  task  center  and 
indicates  that  he  is  starting  the  job.  When  he 

and  starts  another,  he  repeats  the  procedure  closing  out  the  first 
by  starting  the  second  job. 

This  data  is  transmitted  from  the  computer  terminal  to  the 
central  data  processing  system  where  it  is  processed  to  produce 
data  in  the  form  shown  in  Figure  A-6.  The  data  shown  is  a 
monthly  report  which  is  placed  on  microfiche. 

Data  has  been  collected  by  task  center  since  January  1972. 
Basically  the  report  shows  the  average  hours  per  center  toi 

thruumbL  of  parts  Indicated.  Total  coat  data  for  1965  and  on 
is  also  shown.  This  data  was  used  to  develop  the  cost  factors  i 

Section  3.4. 

The  costs  affected  by  relaxed  tolerances  are  machining  cost 
and  hand  finishing  costa.  The  other  costs  such  as 
paratlon,  etc.,  are  not  affected  directly  by  tolerance  relaxations 
Coats  were  placed  In  three  catpgorles;  (1)  NC  machine  hours, 
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FIGURE  A-6  EXAMPLE  OF  GD/FWD  MANUFACTURING  COST  DATA  RECORD 
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adjusted  to  single  spindle  times,  (2)  hand  finish  hours,  and  (3) 
all  other  costs.  Each  of  the  three  cost  areas  were  analyzed  to 
determine  to  which  parameter  the  cost  could  best  be  related. 

Costs  for  each  part  were  related  to  NC  tape  time,  cubic  inches 
removed  and  cubic  inches  left.  This  data  is  summarized  in 
Table  A-II. 

3. A  Analysis  of  Production  Cost  Factors 

The  F-lll  cost  analysis  summary  (Table  A-II)  was  used  to 
establish  the  factors  for  estimating  the  cost  of  the  comparison 
parts.  Each  of  the  cost  parameter  relationships  was  examined 
statistically  to  determine  which  was  best  for  each  of  the  three 
cost  areas.  The  mean  and  the  standard  deviation  was  computed. 

The  cost  parameter  relationship  where  the  standard  deviation  was 
the  smallest''porcenta^ge  of  the  mean  was  selected  as  the  one  to 
use  for  that  cost  area. 

NC  machine  time  (set  up  time  plus  run  time)  was  jjest  related 
to  tape  run  time,  as  expected.  Tape  time  multiplied  by  a  factor 
is  used  at^GD/FWO  to  schedule . parts  on  NC  machines  thus  demonstrat- 
inc  its^ower  as  a  •measure  of  cost.  Included  in  the  NC  machine 
time  is  part  'set-up  time  which  includes  positioning  the  material 
on, the  machine,  changing  tapes  and  cutters,  part  removal,  and 
other  tasks  done  with  ^hc  part  on  the  machine,  while  metal  is  not 
being  cut.  This  time  is  not  affected  by  changes  to  NC  machining. 

To  determine  the  portion  of  time  on  the  NC  machine  identified  as 
"set-up  time,"  twelve  aluminum  F-16  NC  parts  were  surveyed.  These 
parts  are  machined  on  3,  4  &  5  axis  machines  and  in  many  cases 
machined  on  two  of  them.  Machine  shop  industrial  engineering 
estimated  the  set-up  time  and  actual  run  time  for  each  part  on 
each  NC  machine  for  a  first  article.  Set-up  time  for  these  parts 
averaged  327,  of  the  total  time  on  the  NC  machine. 

Hand  finish  time  related  best  to  cubic  inches  left  (or  weight) 
which  was  to  be  expected  since  hand  finish  time  would  be  a  function 
of  part  size  or  surface  area.  Once  having  established  hand  finis 
time  for  the  baseline  by  this  relationship,  however,  the  differ¬ 
ences  created  on  the  comparison  parts  were  allowed  to  affect  hand 
finish  time  only  if  there  was  a  significant  surface  area  change 
or  if  finish  tolerances  were  relaxed.  All  other  time  was  related 
to  cubic  inches  removed,  which  is  a  measure  of  the  work  done  on 

a  part. 
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The  F-111  costs  were  for  an  average  of  51  units.  Cost  fac¬ 
tors  were  then  adjusted  to  give  the  first  article  cost  on  a  907» 
learning  curve.  The  90%  learning  curve  is  the  policy  of  GD/FWD 
Industrial  Engineering  on  NC  parts  of  the  type  analyzed.  There¬ 
fore,  all  costs  in  terms  of  man-hours  for  the  cost  comparison 
parts  are  first  article  costs.  Table  A-III  summarizes  the  factors 
developed. 


3.5  Cost  Analysis  of 
Comparison  Parts 

Using  the  coat  factors  developed  in  paragraph  3.4,  the 
man-hours  to  manufacture  the  first  article  were  computed  for  each 
comparison  part.  Set-up  time  for  each  part  was  established  as  a 
constant  of  2.68  hours  based  on  327.  of  the  NC  machine  time  of 
8.38  hours  (11.435  x  0.733)  for  the  baseline  part.  For  the  other 
comparison  parts,  NC  machine  run  time  was  computed  as  687.  of 
11.435  man-hrs  x  tape  hours.  Hand  finish  time  was  divided  into 
tape  hour 

types  of  hand  finishing  that  would  be  done  to  the  comparison  parts. 
This  division  was  based  on  a  survey  of  the  amount  and  type  of  hand 
finishing  done  on  parts  similar  to  the  comparison  parts.  The  time 
was  divided  as  follows: 


Deburr 

29% 

Surface  Finish 

42% 

Tolerance  Control 

29% 

The  total  man-hours  were  expressed  also  in  hours  per  pound 
and  hours  per  cubic  inch  removed,  for  use  in  the  Guideline 
development.  Table  A- IV  summarizes  the  cost  data  for  each  com¬ 
parison  part. 


4.0  TITANIUM  NC  DATA  AND  COST  ANALYSIS 

Titanium  NC  data  and  cost  analysis  for  the  guidelines  in 
Section  5.2  are  provided  in  this  section. 


4.1  Matrix  of  Titanium  Design 
Comparison  Parts 

Figure  A-3  summarizes  each  of  the  comparison  parts  analyzed. 
Figure  A-5  illustrates  the  geometrical  features  of  each  compari¬ 
son  part. 
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TABLE  A-IIl  AUJKliraH  PftODUCntW  COST  FACTORS 


TASLE  A-IV  COST  AKALYSIS  OT  AUMKW  COWAtlSCW  FASTS 


TAiLt  A-IV  (Contlivjed) 


TABLE  A-IT  (Cofltlnu*4) 


4.2  De.slgn  Comparison  Parts 
Data  Summary 


Each  cost  comparison  part  was  programmed  for  NC  machining  to 
determine  the  tape  time  for  machining  the  part.  In  this  way  the 
tape  time  differences  for  various  design  features,  feed  rate 
changes  and  machining  concepts  could  be  measured.  Conventional 
methods  of  estimating  costs  are  usually  not  sensitive  to  differ¬ 
ences  in  detail  design  of  the  types  being  examined  hero,  so  a 
better  procedure  was  needed  to  determine  the  cost  of  the  design 
features  being  considered.  Correlation  of  NC  tape  time  and  NC 
machine  man-hours  was  then  established  as  explained  in  the  follow¬ 
ing  paragraphs. 

The  NC  programs  were  processed  to  give  tlie  time  for  each 
operation.  Each  operation  was  then  examined  to  determine  reasons 
for  changes  in  total  machine  time.  This  data  along  with  weights, 
cutter  sizes  and  feed  rates  is  summarized  in  Table  A-V. 


4.3  Cost  Analysis  Summary  of 
13  AMAVS  Titanium  Parts 

To  establish  the  total  cost  of  the  cost  comparison  parts, 
cost  data  for  13  AMAVS  parts  were  analyzed  to  establish  cost 
factors  for  estimation  purposes.  These  parts  were  bulkheads, 
beams,  sculptured  plates,  large  pocketed  fittings,  each  having 
features  similar  to  the  cost  comparison  parts.  Data  was  collected 
from  the  GD/FWD  computerized  cost  task  center  system  described  in 
Section  3.3.  NC  tape  time  and  material  removal  data  was  collected 

for  each  part. 

The  costs  affected  by  relaxed  tolerances  are  machining  cost 
and  hand  finishing  costs.  The  other  costs  such  as  material  pre¬ 
paration,  etc.,  are  not  affected  directly  by  tolerance  relaxations. 
Costs  were  placed  in  three  categories:  (1)  NC  machine  hours, 

(2)  hand  finish  hours,  and  (3)  all  other  costs.  Each  of  the 
three  cost  areas  were  analyzed  to  determine  to  which  parameter 
the  cost  could  best  be  related.  Costs  for  each  part  were  related 
to  NC  tape  time,  cubic  inches  removed  and  cubic  inches  left.  This 
data  is  summarized  in  Table  A-VI. 


TABLE  A-\  TITAMIUH  DESIOT  COMPAMSOII  PA*TS  DATA  StMIAlT 


T>BLE  A-VT  COST  AMALTSIS  OF  TITAHIOI  BC  FAKTS 


A. 4  Analysis  of  Production 
Cost  Factors 

The  cost  data  summary  (Table  A-VI)  was  used  to  establish  the 
factors  for  estimating  the  cost  of  the  comparison  parts.  Each  of 
the  cost  parameter  relationships  was  examined  statistically  to 
determine  which  was  best  for  each  of  the  three  cost  areas.  The 
mean  and  the  standard  deviation  was  computed.  The  cost  parameter 
relationship  where  the  standard  deviation  was  the  smallest  per¬ 
centage  of  the  mean  was  selected  as  the  one  to  use  for  that  cost 
area.  This  data  is  summarized  in  Table  A-VII. 

NC  machine  time  was  best  related  to  tape  run  time  as  expected. 
Tape  time  multiplied  by  a  factor  is  used  at  GD/FWD  to  schedule  parts 
on  NC  machines  thus  demonstrating  its  power  as  a  measure  of  cost. 
Hand  finish  time  related  best  to  cubic  inches  left  (or  weight)  which 
was  to  be  expected  since  hand  finish  time  would  be  a  function  of 
part  size  or  surface  area.  Once  having  established  hand  finish 
time  for  the  baseline  by  this  relationship,  however,  the  differ¬ 
ences  created  on  the  comparison  parts  were  allowed  to  affect  hand 
finish  time  only  if  there  was  a  significant  surface  area  change 
or  if  finish  tolerances  were  relaxed.  All  other  time  was  related 
to  cubic  inches  removed,  which  is  a  measure  of  the  work  done  on 
a  part . 

♦ 

4.5  Cost  Analysis  of  Comparison  Parts 

Using  the  cost  factors  developed  in  paragraph  4.4,  the  man¬ 
hours  to  manufacture  the  article  were  computed  for  each  compari¬ 
son  part. 

Set-up  time  for  the  titanium  parts  is  assumed  to  be  the  same 
number  of  hours  as  that  for  aluminum  parts.  For  the  baseline 
titanium  part,  NC  machine  time  is  21.4  hours  (4.0  tape  hours  x 
5.35  man  hours  per  hour  of  tape)  of  which  2.68  hours  is  se  t-up 
time,  leaving  18.72  hours  of  NC  machine  run  time.  The  NC  machine 
run  time  for  the  baseline  part  is  87.57o  (18.72/21.4)  (1007»)  of 

the  total  time  on  the  machine.  NC  machine  run  time  for  the  com¬ 
parison  parts  is  then  computed  at  .875  x  5.35  hours  per  tape  hour 
X  tape  hours.  A  constant  2.68  hours  per  part  is  used  for  set-up 
time. 

The  total  man-hours  were  expressed  also  in  hours  per  pound  and 
hours  per  cubic  inch  removed  for  use  in  the  Design  Analysis  Guide¬ 
lines.  Table  A-VIII  summarizes  the  cost  data  for  each  comparison 
part . 


TAULK  A-VII  TRODUCTION  COST  FACTORS- -TITANIUM  (3) 


Cost  Item 

Mean 

Standard 

Deviation 

Coefficient 
of  Variation 

1 

NC  Machine  Time 

S.35 

0.06675 

1.20 

0.03758 

22.4%* 

56 . 3% 

■  0  per  hour  of  tape 
!  o  per  in3  removed 

Hand  Finish  Time 

1.25 

0.01797 

0.04654 

0.01280 

0.72 

0.01484 

0.02999 

0.01401 

57.6% 

82.6% 

64.4%* 

109.4% 

o  per  hour  of  tape 

0  per  ln3  removed 
o  per  in^  left 

0  per  ln2  of  surface  area 

All  Other  Time 

0.18706 

0.02715 

0.22159 

0. 02220 

118.5% 

81.8%* 

1  0  per  in'-^  left 

0  per  in3  removed 

NOTES : 
1. 

2. 

3. 


*  indicates  cost  factors  selected  to  estimate 
cost  of  cost  comparison  parts. 

Cost  factors  listed  are  first  article  cost 

factors. 

Statistical  data  was  derived  from  Table  A-Vi. 
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5 . 0  GUIDELINES  DEVELOPED 


Guidelines  were  developed  for  both  slumlnum  and  titanium  parts 
to  exploit  design  features  and  the  relaxation  of  tolerances  and 
surface  finish  as  demonstrated  by  the  cost  data  analysis  presented 
earlier. 


5.1  Aluminum  Guidelines 

Design  Guidelines  for  aluminum  parts  are  presented  in  Figures 
A-7  thru  A-12.  Guideline  No.  5  (Figure  A-11)  demonstrates  the 
cost  reduction  and  associated  weight  increase  for  machining  the 
design  comparison  part  with  larger  corner  radii  (1/2"  vs.  conven¬ 
tional  3/8").  The  cost  required  to  remove  the  additional  weight 
associated  with  the  larger  radii  will  vary  depending  on  the  num¬ 
ber  of  corners,  the  depth  of  cut,  and  the  number  of  parts  to  be 
produced.  In  order  for  this  guideline  to  be  useful  to  the  design¬ 
er,  an  in-depth  study  of  the  factors  involved  and  development  of 
the  analytical  relationships  are  required  to  determine  the  cost 
difference  for  any  application.  This  study  is  presented  in 
section  5.3. 


5.2  Titanium  Guidelines 

Design  Guidelines  fbr  titanium  parts  are  presented  in  Figures 
A-13  thru  A-17.  Guideline  No.  5  (Figure  A-17)  addresses  the 
advantage  of  Increasing  the  corner  radii  of  titanium  parts.  The 
cost  and  weight  factors  presented,  however,  are  applicable  only 
to  the  design  comparison  part.  The  study  presented  in  Section 

5.3  is  for  aluminum,  but  substitution  of  cost  ratio,  cutter  feed 
rates  and  material  density  applicable  to  titanium  will  permit  the 
determination  of  the  cost  difference  for  any  application. 


5.3  Cost  Analysis  for  Machining  Two  Different 
Corner  Radii  in  Aluminum 

In  an  effort  to  make  Guideline  No.  5  more  easily  applied  to 
any  pocketed  part,  the  following  analysis  and  resulting  nomograph 

is  offered. 

5.3.1  Introduction 

A  designer  of  large  machined  aircraft  parts  must  make  a  num¬ 
ber  of  trade-off  decisions  between  cost  and  weight  in  detail 
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FIGURE  A-9  DESIGN  ANALYSIS  GUIDELINE  NO.  3,  ALUMINUM 
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FIGURE  A-10  DESIGN  ANALYSIS  GUIDELINE  NO.  4,  ALUMINUM 


FIGURE  A-11  DESIGN  XNALYSIS  GUIDELINE  NO.  5,  ALUMINUM 
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FIGURE  A-12  DESIGN  ANALYSIS  GUIDELINE  NO.  6,  ALUMINUM 


FIGURE  A-14  DESIGN  ANALYSIS  GUIDELINE  NO.  2,  TITANIUM 


FIGURE  A-15  DESIGN  ANALYSIS  GUIDELINE  NO.  3,  TITANIUM 


FIGURE  A- 16  DESIGN  ANALYSIS  GUIDELINE 


design.  One  such  is  the  simple  one  of  what  the  corner  radius  of 
pockets  should  be  in  integrally  stiffened  spars  and  bulkheads. 

It  is  common  knowledge  that  the  larger  radius  is  less  costly  to 
machine,  but  it  does,  of  course,  leave  a  significant  amount  of 
weight  in  the  part,  usually  up  to  1-1^  percent  of  the  part  weight. 
Not  knowing  how  much  less  costly,  and  being  pressed  to  achieve 
minimum  weight,  the  designer  usually  decides  on  the  smallest 
radius  he  believes  to  be  practical. 

From  analysis  of  numerical  control  (NC)  programming  ^nd 
factory  machining  cost  data,  the  following  approach  was  derived 
to  aid  in  trade-off  decisions.  An  aircraft  design  program  will 
sometimes  establish  a  weight/cost  trade-off  value,  i.e. ,  how  many 
dollars  it  is  worth  spending  to  save  a  pound  of  weight.  Compari 
son  of  the  trade-off  value  with  the  cost  in  man-hours  times  the 
factory  hourly  rate  to  remove  one  pound  would  then  permit  a 
decision. 

5.3.2  Discussion 

Because  a  1-inch  diameter  end  mill  is  over  three  times  as 
stiff  as  a  3/4-inch  cutter,  the  larger  cutter  can  mill  finish 
cuts  alongside  stiffeners  and  flanges  50-100  percent  faster  and 
can  remove  corner  material  left  by  a  2-inch  diameter  rough  cutter 
in  one  pass  where  the  3/4-inch  requires  two  passes.  The  1-inch 
cutter  does,  however,  leave  more  corner  material.  This  raises 
the  question  as  to  whether  the  cost  saving  per  additional  pound 
remaining  is  cost  effective. 

The  following  data  offers  an  estimate  of  the  average  cost 
saving  per  pound.  Machining  cost  of  a  part  Is  seldom  the  same 
from  part  to  part  and  variation  can  be  as  much  as  100  percent. 

Cost  factors  used  herein  are,  therefore,  statistical  with  a 
measured  scatter.  They  are  based  on  some  30  F-111  aluminum  part 
numbers  with  an  average  of  51  manufactured  pieces  per  part  number. 

Numerical  control  (NC)  machine  time  per  part  as  used  herein 
and  as  charged  in  factory  accounting  includes  all  productive 
(actual  machining)  as  well  as  unproductive  time  charges  such  as 
set-up  and  tear-down  of  tooling,  cutter  changes,  machine  and 
tape  malfunctions,  material  problems,  rest  periods,  shift  changes, 
operator  tape  override,  etc. 

The  real  time  it  takes  an  NC-programmed  tape  to  run  through 
its  entire  operation  is,  of  course,  much  less  than  machine  time 
due  to  all  of  the  foregoing  unproductive  events,  but  the  ratio 
of  NC  machine  time  to  NC  tape  time  is  constant  enough  to  be  a 
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practical  means  for  schodoling  the  NC  machine  shop.  Analysis  of 
the  30  part  numbers  machine  time  to  tape  time  ratio  yields  an 
average  of  7.33  with  a  standard  deviation  of  2,58  or  35.1  percent 
of  the  mean  for  an  average  of  51  pieces  per  part  number.  From 
the  7.33  average  and  a  90  percent  learning  curve  (reflecting  NC 
experience),  the  first  part  cost  ratio  would  be  11.435,  and  a  cost 
ratio  representative  of  an  average  part  for  a  1000  aircraft  pro¬ 
gram  would  be  4.71  which  will  be  used  herein.  These  cost  ratios 
reflect  the  total  NC  machine  time  which  includes  part  set-up, 
cutter  changes,  part  removal,  clean-up,  etc.  Production  planning 
assumes  that  these  non-productive  operations  consume  324  of  the 
total  machine  time.  To  obtain  a  true  ratio  between  machine  run¬ 
time  and  tape  time,  the  total  machine  time  must  be  reduced  to  684 
of  the  total.  The  true  cost  ratio  representative  of  an  average 
part  for  a  1000  aircraft  program  would  then  be  0.68  x  4.71  or  3.20. 

An  NC  program  is  created  by  putting  together  many  standard 
program  segments  or  computer  instructions  which  are  modified  for 
the  geometry  of  the  part  involved.  A  cutter  making  a  radial 
finish  cut  proceeds  along  a  stiffener  removing  typically  0.030 
inch  of  material  from  each  side  left  by  the  roughing  cutter.  When 
it  approaches  a  corner  where  it  must  change  direction,  it  deceler- 
atfs  to  a  complete  stop,  dwells  stationary  for  a  finite  interval 
and  accelerates  in  the  new  direction  to  the  programmed  feed  rate 
again,  rotating  and  cutting  at  a  constant  rpm  throughout. 

In  addition,  if  the  cutter  is  below  a  certain  diameter,  it 
may  have  to  repeat  the  cutting  operation  in  the  corners  where  a 
substantial  thickness  is  left  by  the  large  roughing  cutter. 

For  the  purpose  of  this  program,  a  sample  part  with  typical 
features  was  fully  programmed  by  factory  programmers  using  program¬ 
ming  techniques  and  feed  rates  typical  of  production  parts.  Pro¬ 
gramming  was  done  using  a  variety  of  cutter  sizes  and  radial  cuts, 
both  conventional  and  unconventional.  These  programs  were  then 
printed  out  by  the  computer,  and  each  machining  step  was  analyzed 
in  terms  of  time  duration,  feed  rate,  metal  removal  rate  and  other 
characteristics.  From  this  data,  the  time  required  by  various 
cutter  diameters  to  machine  various  features  including  corners 
was  determined.  The  values  used  for  the  various  parameters  des¬ 
cribed  below  were  obtained  from  this  source. 


FIGURE  A- 18  SAMPLE  ANALYTICAL  PART-COST  ANALYSIS 

FOR  TWO  DIFFERENT  CORNER  RADII 


Li  -  L  1  +  2R 

L2  -  L'  2  +  2R  ^  , 

2Li  +  2L2  -  2L  1  +  4R  +  2L  2  +  or 
XL  -  YL'  +  8R  for  one  pocket 

Let  j:  L  ■  L  be  the  sum  of  the  length  of  all  sides,  Nc  be 
the  number  of  corners  to  be  finish  machined  on  the  entire  part, 
and  i:L'  -  1/  be  the  sum  of  all  cutter  centerline  travel.  Then 


L  -  l' 


L  *  L*  +  2R  N^ 


2R  N, 


(Al) 


From  the  NC  program  of  the  sample  part,  the  NC  tape  time 
rcqulrTfor  a  3/Llnch  diameter,  2-lnch  long.  2-flutc  HSS  cutter 
to  finish  machine  the  pockets  was  analyzed  as  follows: 


( 
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ti  -  total  NC  tape  time  -  9.0  minutes 
Nc  •  12  for  3  pockets 
L  ■  106  inches 
R  -  0.38  inch 

-  20  inches  per  minute 

+  Nc  tci 

-  L  -  2  Rl  He  +  (A2) 


Solving  for  tci 

tci  ■  ti  L  -  2  Ri  Nc 
^  -  -^TTc 

-  9^  106  «  2  X  0.38  X  12 

12  '  20  X  12 

-  0.3463  minutes  per  corner 

In  the  same  manner,  for  a  1-inch  diameter  cutter  to  finish 
machine  the  same  part,  the  total  time,  t2»  was  4.0  minutes, 

R2  -  0.50  inch  and  f2  -  30  inches  per  minute. 

t2  ■  L  -  2  R2  Nc  +  Nc  tc^ 
f2 

tc2  ■  0.0722  minutes  per  corner  (A3) 

These  time  estimates  for  corner  machining  should  be  typical 

for  aluminum  for  up  to  1.5-inch  deep  pockets  for  2-inch  long 
3/4-inch  and  1-inch  diameter  cutters.  At  first  glance  the  differ¬ 
ence  in  time  between  the  two  cutters  to  machine  one  corner  appears 
excessive;  however,  the  3/4-inch  cutter  not  only  machines  corners 
at  a  lower  feed  rate  but  must  also  make  two  passes  and  requires 
additional  Lime  for  "free”  travel  (no  cutting)  between  corners 
for  the  second  pass. 
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The  total  part  difference  in  weight  is: 
AW  -AANch/) 


(AA) 


The  cost  penalty  of  avoiding  the  weight  increase  associated 
with  the  larger  corner  radius  in  man-hours  per  pound  is  then: 


AC  RNC 
lb  “  STT 


tl  -  t2 
AW 


(A5) 


AC 

lb 

-  liNO 

AO 

/  L-2RiNc 

\  fl 

+  Nctci)  ■  * 

(  L-2R2Nc 
^  f2 

+  Nctg^ 

DU 

A  A  Nc  hp 

— 

AC 

Rnc 

■ 

Tl  , 

'1.  +  2 

1 

CMlCM 

lb 

60AAhp  ' 

£2j 

Applying  equation  A6  to  an  aluminum  part  with  pocket  depth 
h,  Nc  corners  1  L  total  length,  and  R^c  cost  ratio. 

p  -  0.10 

Rl  -  0.38 
R2  ■  0.50 
A  A  ■  0.0236 
fl  -  20 
f2  ■  30 
tci  -  0.3463 
tc2  -  0.0722 


AC  RnC  f 
lb  "  h  \ 


0.1179  L_  1.9032  J 
Nc  / 


(A7) 
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Applying  a  ratio  representing  the  average  for  1000  units  so 
as  to  measure  program  impact,  Rnc  =3.20  (set-up  time  deleted). 
Equation  A7  then  becomes: 

^  1  /o. 3773  1^  +  6.0902'\  (A8) 

lb  “  h  \  Nc  / 

The  trade-off  cost  value  is  plotted  in  Figure  A-19  for  h 
1.0  and  1.50.  A  designer  need  only  determine  the  number  of 
inches  of  pocket  wall  and  the  number  of  pocket  corners,  calculate 
h/Nc »  enter  the  curve  and  read  the  AC/lb.  He  would  then  apply 

his  factory  total  dollar  cost  per  man-hour  and  obtain  the  dollar 

trade-off  cost  of  avoiding  a  one-pound  weight  increase. 

The  cost  saving  for  the  entire  part  using  the  larger  radius 
would  be  obtained  by  the  product  of  equations  M  and  A8  . 


52 


5.3.3  Nomenclature 


AA  *  difference  in  plan  view  area  in  corner  between  the  two 
proposed  cutters,  square  inches 

£l  =  feed  rate  of  smaller  finish  cutter,  inches  per  minute 

f2  *  feed  rate  of  larger  finish  cutter,  inches  per  minute 
h  =  height  of  stiffener  or  flange,  inches 

L*  =  actual  distance  traveled  by  centerline  of  cutter,  inches 

L  »  sum  of  length  of  pocket  walls  to  be  finish  machined, 
measured  oy  the  overall  pocket  dimensions,  inches 

Nc  =  number  of  pocket  corners 

=  cost  ratio  of  NC  machine  time  to  NC  tape  time  for  a 
given  learning  curve  and  number  of  units 

tci  =  time  required  for  smaller  cutter  to  remove  material  in  one 
corner,  minutes 

tc2  “  time  required  for  larger  cutter  to  remove  material  in  one 
corner,  minutes 

p  »  density  of  metal  being  machined 

AC  =  cost  of  avoiding  a  one-pound  weight  increase,  man-hours 
IF.  per  pound 


5.3.4  Conclusion 

The  approach  described  herein  is  in  use  on  the  F-16  program. 
Its  applicability  is,  of  course,  dependent  on  the  NC  programming 
techniques  and  values  used  in  a  given  machine  shop  although  those 
at  General  Dynamics'  Fort  Worth  Division  are  typical  for  a  large 
part  of  the  aerospace  industry.  Where  adaptive  control  equipment 
is  in  use,  the  cost  differences  obtained  may  be  low  since  the  one- 
inch  diameter  cutter  capability  is  probably  not  fully  exploited 
by  programmers  for  conventional  NC  equipment. 
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APPENDIX  B 


SHOP  DIMENSIONAL  SURVEY 


Dimensional  and  surface  quality  data  for  various  F-111 
production  parts  are  presented  in  the  following  paragraphs. 


1.0  OBTAINING  AND  RECORDING  OF  DATA 

Over  a  period  of  five  months,  the  RTC  Quality  Assurance  team 
member  and  F-111  production  inspectors  surveyed  ten  major  F-111 
aluminum  NC  machined  parts.  Thirty-six  pieces  were  inspected 
with  up  to  six  pieces  for  each  part  number.  One  thousand  seventy 
thickness  measurements  were  made  on  webs  and  866  measurements  on 
stiffeners  and  flanges.  Five  part  numbers  involving  eight  pieces 
were  checked  for  surface  roughness  early  in  the  survey.  With  one 
exception,  all  measurements  were  well  within  current  requirements 
of  125  microinches,  AA.  Consequently,  measurement  of  roughness 
was  stopped  in  the  interest  of  economy.  Parts  were  selected  that 
were  known  not  to  have  unusual  features  that  made  machining 
particularly  difficult.  It  was  assumed  that  design  guidelines 
would  reduce  the  likelihood  of  unnecessarily  difficult  designs  on 
future  programs.  This  has  generally  held  true  on  the  F-16  design. 


1.1  Type  of  Part  and  Manner  of  Recording 

Figure  B-1  illustrates  one  type  of  part  surveyed.  Such  a 
sketch  was  used  to  record  actual  and  required  dimensional  and 
roughness  data.  Dimensional  measurements  were  usually  made  on 
as-machined  parts  before  hand-finishing  and  on  those  hand- 
finished  parts  known  not  to  have  had  significant  material  pol¬ 
ished  away  (which  is  the  usual  case).  For  dimensional  measure 
ments,  a  Patametrics  Ultrasonic  Gage,  Model  5221,  was  used.  A 
digital  readout  profilometer  with  a  0.030  cut-off  setting  was 
used  for  surface  roughness  measurements. 


1.2  Treatment  of  Data 

Data  was  transferred  to  data  summary  work  sheets  recording 
date  part  and  serial  number,  finish  condition,  drawing  nominal 
thickness,  pocket  width,  and  actual  web  and  stiffener  thicknesses. 
Tables  B-I  thru  B-VI  are  typical  of  all  data  summary  work  sheets. 
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The  thickness  deviation  data  from  the  various  data  summary 
sheets  was  then  accumulated  on  Tables  B-VII  and  B-VIII.  These 
tables  permitted  organization  of  results  in  terms  of  frequency 
of  occurrence  versus  the  magnitude  of  deviation.  These  data  were 
accumulated  from  the  highest  negative  to  the  highest  positive 
occurrence  frequency.  Results  were  plotted  in  Figure  B-2,  per¬ 
mitting  the  recommendation  described  therein. 

Tables  B-I  thru  B-VI  present  survey  data  from  6  individual 
parts  (6  drawing  numbers),  that  were  used  to  construct  Figures 
B-4  thru  B-7.  Figure  B-3  was  constructed  from  data  obtained 
from  a  part  (12B2101)  with  excessive  stiffener  spacing,  invali¬ 
dating  it  as  a  comparison  part  for  normal  machining  tolerances. 
These  figures  are  plots  of  web  thickness  deviation  from  nominal 
dimension  vs.  pocket  width.  The  figures  allow  an  accurate 
determination  of  maximum  panel  width  at  any  particular  web 
thickness  concurrent  with  dimensional  tolerance. 

As  a  measure  of  the  shop's  repeatability  capability,  a  large 
F-111  bulkhead  was  selected  and  the  envelopes  of  web  thickness 
deviations  for  four  serialized  pieces  were  superimposed  in 
Figure  B-8.  These  were  machined  over  a  four  month  period  with 
the  usual  changes  in  operators  and  equipment  that  is  common  in 
a  large  factory. 

Surface  roughness  data  is  summarized  in  Table  B-IX.  It  is 
of  interest  to  note  the  lack  of  correlation  between  roughness  and 
"hand-finished"  parts.  Labeling  a  part  as  having  been  hand 
finished  often  means  only  that  trouble  spots  are  hand  finished. 
Large  portions  of  surface  areas  may  not  be  touched.  A  total  of 
49  measurements  were  made  on  as-machined  surfaces.  The  mean 
roughness  was  43.3/lAA  with  a  standard  deviation  of  13.57/iAA 
(43.3/13.57)  for  47  of  these  measurements.  The  other  two  points 
reflected  a  minor  cutter  malfunction  (P/N  12B4166,  S/N  2).  The 
combined  roughness  for  all  49  measurements  was  50.3/36.9.  On 
the  so-called  hand  finished  surfaces,  22  measurements  resulted 
in  roughness  of  69.9/19.14. 
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DRAWING  DIMENSIONAL  REQUIREMENTS 


IGURE  B-1  liPICAL  SURVEY  DATA  RECORD 


Data  Base:  Number  of  Measurements  -  Webs:  1,070 

Number  of  Measurements  -  Stiffeners:  866 

Number  of  Part  Numbers:  11 

Number  of  Pieces:  36 

Notes : 


(1)  Data  was  Gathered  During  November  1974-March  1975  by 
General  Dynamics  Inspection  on  F-111  Production  Aluminum 
Machined  Parts 

(2)  Analysis  was  Restricted  to  Parts  with  +  0.010  Tolerance, 
Excluding  Parts  with  History  of  Material  Warpage  or  Other 
Problems 


DEVIATION  FROM  NOMINAL  DIMENSION  (INCHES) 


FIGURE  B-2  RECOMMENDED  RELAXATION  ON  DRAWING 
TOLERANCES  FOR  WEB  AND  STIFFENERS 
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WEB  thickness: 
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PANEL  WIDTH,  IN 


WEB  DIMENSIONAL  DEVIATION  OCCURRENCES  VS.  STIFFENER 
SPACING  FOR  NOMINAL  WEB  THICKNESS  -  0.055 


FIGURE  B-5 


DEVIATION  FROM  NOMINAL  DIMENSION,  IN 


1 


THICKNESS 


RBCOttUKDeO 


PANEL  WIDTH,  IN 


WEB  DIMENSIONAL  DEVIATION  OCCURRENCES  VS.  STIFFENER 
SPACING  FOR  NOMINAL  WEB  THICKNESS  -  0.064  -  0.065 


FIGURE  B-6 
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FIGURE  B-7 


WEB  DIMENSIONAL  DEVIATION  OCCURRENCES  VS.  STIFFENER 
SPACING  FOR  NOMINAL  WEB  THICKNESS  -  0.070  -  0.085 
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FIGURE  B-8  EXAMPLE  OF  REPEATABILITY  IN  MACHINING  QUALITY 


TABI.K  B-1 


WORK  SHKET  TAliUlATlON  OF  12B2703  SURVEY  RESULTS 


DWG.  NO.  12B2703-R3  HAND- FINISHED  Q 

AS -MACHINED 


DATE  4/15/75 


DWG  t 


.045 

.0/.5 

.(V.5 

.(V.5 

.045 

.045 

.055 

.065 

.055 

.065 

.055 

.065 

.055 

.055 

.065 

.055 

.055 

.065 

.055 

.055 

.055 

.065 

.055 

.065 

.055 

.065 

.055 

.065 

.055 

.045 

.055 

.045 

.045 

.0‘'.5 

.045 

.045 


STIFFENERS/FUNGES 


S/N  K143000 
DATE  T721775 

S/N  F186213 
DATE  3/21/75 

S/N  F193900 
DATE  3/21/75 

S/N  FI 
DATE 

86213  1 

POCKET 

WIDTH 

ACTUAL  t 

At 

AClUAL  1 

At 

DWG  t 

ACTUAL  t 

At 

ACTUAL  t 

i 

At  j 

4  5 

.056 

.011 

.051 

.006 

.105 

.117 

.012 

.116 

.011  1 

.054 

.009 

.052 

.007 

.105 

.117 

.012 

,116 

.oil' 

5 

.055 

.010 

.052 

.007 

.  100 

.101 

.001 

.  105 

.005 

5 

.056 

.011 

.053 

.008 

.100 

.101 

.001 

.106 

.  006 

.053 

.008 

.053 

.008 

.150 

.163 

.013 

.  162 

.012 

^  s 

.056 

.01 1 

.054 

.009 

.  100 

.10? 

.002 

.105 

.005 

2 

.053 

-.002 

.062 

.007 

.110 

.124 

.014 

.  122 

.01? 

4.5 

.078 

.013 

.076 

.011 

.110 

.122 

.012 

.119 

.009 

4 ,  S 

.067 

.012 

.063 

.008 

.110 

.110 

0 

.114 

.  004 

3 

.079 

.014 

.077 

.Oil 

.100 

.102 

.002 

.105 

.005 

4  2 

.066 

.011 

.064 

.009 

.125 

.126 

.001 

.129 

.004 

6.7 

.078 

,013 

.078 

.013 

.100 

.  108 

.008 

.  105 

.005 

7  2 

.067 

.012 

.067 

.012 

.100 

.103 

.003 

.  106 

.  00(> 

6.7 

.065 

.010 

.064 

.009 

.100 

.101 

.001 

.105 

.005 

4^2 

.077 

.012 

.079 

.014 

.150 

.164 

.014 

.  162 

.012 

4.8 

.066 

.011 

.066 

.Oil 

.  100 

.101 

.001 

.  105 

.005 

7  5 

.065 

.010 

.065 

.010 

.100 

.101 

.001 

.  105 

.005 

2.0 

.077 

.012 

.079 

.014 

.  105 

.116 

.Oil 

.116 

.011 

7.2 

.064 

.009 

.063 

.008 

.105 

.118 

.013 

.117 

.012 

7.2 

.066 

.011 

.061 

.006 

7.2 

.065 

.010 

.063 

.008 

5.4 

.079 

.014 

.078 

.013 

7.5 

.068 

.013 

.065 

.010 

4.<) 

.078 

.013 

.078 

.013 

6.8 

.066 

.oil 

.065 

.010 

3.7 

.077 

.012 

.078 

.013 

4.2 

.066 

.011 

.066 

.011 

4.2 

.076 

.01 1 

.076 

.010 

4.2 

.066 

.011 

.065 

.010 

3.5 

.055 

.010 

.055 

.010 

2 

.064 

.009 

.062 

.007 

5 

.053 

.003 

.054 

.009 

5 

.053 

.008 

.053 

.008 

5 

.053 

.003 

.053 

.008 

5 

.054 

.009 

.053 

.008 

4.8 

.054 

.009 

.053 

.008 

TABLE  B-I  CONTINUED 


DWG  NO.  12B2703  -83 


HAND-FINISHED  B 
AS -MACHINED  □ 


DATE  t*l72nb 


S/N  #1 _ _ 

DATE  muDU 


STIFFENERS/FMNCES 


11  .055 

12  .055 

13  .065 

14  .055 

15  .055 

16  .055 

17  .055 

18  .055 

19  .065 

20  .055 

21  .065 

22  .055 

23  .065 

24  .055 

25  .065 

26  .055 

27  .055 

28  .045 

29  .045 

30  .045 

31  .045 

32  .045 


S/N  02 

DATE  11/4/74 


ACTUAL  t 


.001 

.004 

-.001 

.002 

.003 

.002 

-.003 

-.002 

.002 

-.003 

-.003 

.000 

.000 

-.003 

.002 

-.005 

.000 

-.018 

-.001 

-.002 

-.001 

-.002 

-.001 

.000 

-.003 

.000 

-.002 

-.002 

-.002 


S/N  «2  _ 

DATE  11/4/74 


.012 

-.001 

.006 

.009 

.008 

.004 

.001 

-.001 

-.001 

.000 

.001 

.009 

-.001 

-.008 

.007 

.010 
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TABLE  B-II 

WORK  SHEET  TABUUTION  OF 

12D4192  SURVEY  RESULTS 

DWC  NO.  12B4192-17 

HAND-FINISHED  Q 

DATE  4/14/75 

AS -MACHINED  B 

POCKET 
nwc  t  WIDTH 


S'N  #1 
DATE  3/26/75 


ACTUAL  t 


,050 
.050 
.150 
.050 
,050 
.070 
.085 

14  .100 

15  .100 

16  .150 

17  .150 

18 


S/N  #2 
DATE  3/26/75 


ACTUAL  t 


STIFFENEKS/KIANCES 


S/N  #1 

S/N  #2 

DATE  3/26/75 

DATE  3/26/75 

ACTUAL  t 


S.125 

.125 

.110 

.110 

.110 

.110 

.100 

.100 

.100 

,100 

.110 

.110 

.110 

.110 

.125 

S.125 

F.160 

.160 

,150 

.150 

.135 

.135 

.125 

.135 

.135 

.150 

.150 

.160 

.160 

F.125 


ACTUAL  t 


.005 

.012 

.013 

.012 

.007 

-.104 

.007 

.009 

.012 

.008 

-.002 

.005 

.oil 

.009 

.018 

.007 

.012 

.009 

.003 

.008 

.011 

.005 

.006 

.010 

.004 

.004 

.005 

.007 

.009 
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TABl.K  B-11  CONTINUED 


TABLE  B-lII 


WORK  SHEET  TABULATION  OF  12B2740  SURVEY  RESULTS 


DWG  NO.  12B2740 


HAND-FINISHED  B 
AS-MACHINED  Q 


DATE  4/22/75 


TABLE  B-IV  WORK  SHEET  TABULATION  OF  12B4021  SURVEY  RESULTS 


DWG  NO.  12B4021-103 


HAND-FINISHED  □ 
AS-MACHINED  R 


DATE  4/15/76 


WERS 


S/N  jn 
DATE  11 


ACTUAL  t 


.069 

.069 

.068 

.068 

.068 

.067 

.069 

.067 

.067 

.068 

.089 

.089 

.090 


.069 

.069 

.068 

.068 

.122 

.068 

.069 

.068 

.069 

.069 

.070 

.069 

.071 

.070 

.072 

.071 

.077 

.072 


STIFFENERS/FUNCES 


!■ 

DATE  11/21/74 

DATE  11/21/74 

m 

ACTUAL  t 

m 

DWG  t 

ACTUAL  t 

Hi 

ACTUAL  t 

At 

.005 

.073 

m 

.146 

-.004 

.001 

HHH 

BSl 

.146 

-.004 

.002 

.005 

.068 

BfS 

-- 

.000 

.070 

HRnjS 

Ha 

-- 

-- 

.176 

.001 

.004 

.068 

.175 

.171 

O 

.177 

.002 

.004 

.069 

.005 

.175 

.. 

-- 

.177 

.002 

.004 

.068 

.175 

.177 

.002 

.176 

.COl 

.003 

.069 

.175 

.. 

.177 

.002 

.005 

.068 

.004 

.175 

.171 

-.004 

.177 

.002 

.003 

.069 

.005 

.175 

•• 

.178 

.003 

.003 

.068 

mm 

.175 

.176 

.001 

.176 

.001 

.004 

•  • 

.175 

•  • 

-- 

.177 

.002 

.069 

.005 

.175 

.169 

-.006 

.181 

.006 

.025 

.091 

.027 

.175 

-- 

-- 

.178 

.003 

.025 

.090 

.026 

.175 

-- 

-- 

•• 

•• 

.026 

.090 

.026 

.175 

•• 

•• 

•• 

•• 

•  • 

.175 

.172 

O 

o 

.180 

.005 

A 

.090 

.026 

.175 

.179 

.004 

.178 

.003 

.005 

.068 

.004 

.175 

.170 

-.005 

.178 

.003 

.005 

.069 

.005 

.175 

.171 

-.004 

.179 

.004 

.004 

.069 

.005 

.175 

.171 

-.004 

.178 

.003 

.004 

.069 

.005 

.175 

.170 

-.005 

.178 

.003 

.058 

.123 

.059 

.175 

.172 

-.003 

.179 

.004 

.004 

.069 

.005 

.175 

.172 

-.003 

.179 

.004 

.005 

.069 

.005 

.175 

.169 

-.006 

.178 

.003 

.004 

.070 

.006 

.175 

.171 

-.004 

.178 

.003 

.005 

.070 

.006 

.175 

.171 

-.004 

.178 

.003 

.005 

.069 

.005 

.175 

.178 

.003 

.178 

.003 

.006 

.070 

.006 

.175 

.169 

-.006 

.178 

.003 

.005 

.070 

.006 

.175 

.174 

-.001 

.178 

.003 

.007 

,071 

.007 

.175 

.175 

.000 

.  178 

.003 

.006 

.071 

.007 

.175 

.177 

.002 

.178 

.003 

.008 

.072 

.008 

.175 

.179 

.004 

.173 

-.002 

.007 

.072 

.008 

.175 

.173 

O 

o 

.178 

.003 

.006 

.079 

.008 

.006 

.072 

.008 

1 
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IMG  NO.  1?!>4071-103 


»1AN!)-EJN1SI1EI) 
AS-MACHINED  Q 


D.\TE:  ilUIl'L 


TABLE  B-V 


WORK  SHEET  TAbUlATlON  OF  1?»4166  SURVEY  RESULTS 


DWG  NO.  I2B4!66 


HAND-FINISHED  Q 
AS-HACHINED  m 


WEBS 

STIKFENKRS/KIANC 

1 

■Hi 

S/N  -*#1 

W.tiilirisaB 

DATE  11/257/4 

■ 

DWG  t 

FOCKET 

WIDTH 

HI 

At 

ACTUAL  t 

At 

DWG  t 

ACTUAL  t 

At 

ACTUAL  t 

m\ 

1 

2 

3 

4 

5 

6 

7 

S 

9 

10 

11 

12 

13 

14 
13 
16 

17 

18 
19 
:o 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

.125 

.125 

.070 

.125 

.125 

.125 

.070 

.125 

.125 

.070 

.070 

.070 

.070 

.070 

7.0 

7.5 

7.0 

7.5 

7.0 

5.8 

.134 

.133 

.078 

.135 

.131 

.131 

.079 

.136 

.138 

.080 

.081 

,081 

.078 

.078 

.009 

.008 

.008 

.010 

.006 

.006 

.009 

.011 

.013 

.010 

.011 

.011 

.008 

.008 

.131 

.131 

.077 

.134 

.131 

.131 

.079 

.136 

.160 

.080 

.080 

.080 

.077 

.077 

.006 

.006 

.007 

.009 

.006 

.006 

.009 

.011 

.035 

.010 

.010 

.010 

.007 

.007 

.  100 
.100 
.125 
.125 
.125 
.100 
.150 
.125 
.125 
.125 
.100 
.125 
.125 
.  100 
.100 
.125 

.103 
.100 
.125 
.127 
.121 
.  104 
.  152 
.130 
.131 
.130 
.098 
.133 
.137 
.098 
.102 
.140 

.003 

.000 

.000 

.002 

-.004 

.004 

.002 

.005 

.006 

.005 

-.002 

.008 

.012 

-.002 

.002 

015 

.104 

.102 

.125 

.127 

.121 

.104 

.150 

.130 

.130 

.131 

.098 

.132 

.097 

.100 

.137 

_ *■  -  '  • 
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TABLE  D-IX  F-lll  MACHINED  PARTS  SUHEACE  ROUGHNESS 
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appendix  c 


FATIGUE  TEST  SPECIMEN  DESIGN 
AND  MANUFACTURING  DATA 


Design  and  manufacturing  data  for  the  fatigue  test  articles 
used  in  Phase  IV  are  included  in  the  following  paragraphs. 


1.0  TEST  SPECIMEN  DESIGN 


Testing  involved  two  different  task  areas.  Task  I  was 
aluminum  and  titanium  I-beams  used  to 

relaxations  In  a  structure  typical  of  aircraft.  Tas^  P^_ 

mens  were  components  of  F-111  and  YF  io  pares, 
marizes  the  test  program. 


1.1  Task  I  -  I-Beams 

The  beams  have  a  30  Inch  test  section  with  a  12  inch  load 
Introduction  and  transition  section  at  each  end.  There  “e  six 
oSekets  machined  from  both  sides  In  the  test  specimen. 
machining,  half  of  each  beam  was  hand  finished  and  the  “ther^^^d 
of  the  beam  was  left  as  machined.  Figures 
I-beam  configurations. 


1.2  Task  II  -  Aircraft  Component  Tests 

These  tests  included  specimens  of  two  sections  of  the  F-111 
wing  rfarspafLi  a  segment  of  a  YF-16  bulkhead.  These  sped- 
menf  were  u^d  to  verify  tolerance  relaxations  on  actual  ^i^^raf 

component  configurations.  The  F-111  Ihere 

inch  test  section  outboard  of  rear  spar  station  .  • 

is  a  15  12  inch  load  introduction  and  transition  section  a  eac 
of  the  specimL  for  a  total  length  of  60.25  inches.  The 
specimen  of  the  outboard  section  of  the  F-111  wing  rear 

tUaniurtirpifce^Lck-to-Lcr^hannel.  This  titanium  section 
sary.  This  section  of  the  bulkhead  was  used  as  the  third 


component  for  this  series  of  tests.  In  the  case  the  spars, 
equal  numbers  of  specimens  were  left  either  as-machined  or 
hand-finished.  For  the  bulkheads,  half  of  each  channel  was  hand- 
finished  and  half  was  left  as-machined.  Figures  C-3,  C-4  and 
C-5  illustrau;'  each  of  the  Task  II  specimens. 


2.0  MANUFACTURING  DATA 


Test  specimens  were  machined  by  NC  machines  and  hand-finished 
as  described  below. 


2.1  Machining  Procedures 


Test  components  were  machined  using  normal  production  equip¬ 
ment,  programming  and  machine  operators.  This  procedure  was 
deliberately  selected  to  provide  test  copiponents  that  were  repre¬ 
sentative  of  production  aerospace  parts  with  respect  to  machining 
processes  used  to  fabricate  them.  Only  sharp 

used  to  eliminate  additional  variables  that  could  be  introduced 
by  varying  degrees  of  cutter  dullness.  Production  NC  milling 
machines  used  to  fabricate  the  test  components  are  maintained  to 
established  specifications  that  are  suitable  for  production 
requirements.  It  is  recognized  that  even  with  rigid  performance 
specifications  maintained  by  periodic  maintenance  inspection  an 
adjustment,  that  different  machines,  and  even  different  spindles 
on  the  same  machine,  vary  in  performance.  The  machines  used  for 
machining  these  specimens  were  identified  by  operators  and  super¬ 
visors  as  neither  the  best  or  worst  but  as  average  in  condition 
and  performance.  Specifications  of  NC  milling  machines  are  given 
in  Tables  C-II,  C-III  and  C-IV.  Test  component  622-005  repre- 
sents  an  F-16  bulkhead  section  and  was  machined  on  a  conventional 
profile  mill  since  prototype  components  were  manufactured  in 
this  manner  and  no  NC  program  was  available. 


Cutters  used  for  NC  operations  are  purchased  and  maintained 
to  GD/FW  specifications.  These  specifications  are  required  to 
assure  optimum  cutter  performance  and,  equally  important,  pro¬ 
vide  reliable,  consistent  performance.  Variation  in  performance 
of  cutters  from  different  manufacturers  is  unacceptable  in  ef¬ 
ficient  NC  machining  operations.  Cutter  specifications  used  to 
machine  these  test  components  are  referenced  in  Figures  C-b, 

C-7  and  C-8. 


Table  C-V  is  a  summary  of  cutter  configurations  used  to 
machine  test  components  and  Table  C-VI  is  a  summary  of  machining 
parameters.  Key  identification  elements  in  this  summary  "e 
the  test  specimen  drawing  number  and  NC  tape  number.  Insignifi- 
cant  NC  operations  such  as  drilling  of  hold  down  bolt  holes  were 
omitted  from  this  report. 


90 


2.2  Hand  Finishing 


For  the  specimens  and  areas  of  specimens  specified,  hand 
finishing  was  done  with  hand  held  air  driven  disc  senders  and 
by  hand  with  grit  paper.  Sharp  edges  were  broken  with  a  file 
rather  than  the  generally  used  scraper.  The  sharp  edges  were 
broken  in  this  manner  to  prevent  the  possibility  of  the  scraper 
creating  burrs  which  would  be  a  stress  riser  in  the  edge  of  the 
specimen  and  possibly  cause  an  early  failure.  In  some  of  the 
I  beams  where  the  as-machined  finish  was  very  good,  extra  hand 
finishing  was  done  to  Increase  the  contrast  between  the  as- 
machined  and  hand  finished  portions  of  the  beam. 


2.3  Surface  Finish  Data 

Surface  finish  on  each  of  the  test  specimens  was  measured 
in  both  the  as-machined  and  hand  finished  areas.  Measurements 
were  made  at  several  points  on  the  web  of  each  pocket  and  both 
the  inner  and  outer  surfaces  of  each  flange.  This  data  is  sum¬ 
marized  in  Tables  C-VII,  C-VIII,  C-IX,  C-X  and  C-XI. 
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-beam  development  test  specimen,  P/N  622-002 


ERIFICATION  TEST  SfEClHES*  612-005 


SEC.  ^  PAGE  9 


CUTTING  TOOL  SPECIFICATIONS 

ir.rr  Mr  MT  ••■n  T  ‘  WAWC  S  SPECIFIC  A I  IONS 


pnc C'J R F. f.'. FJ'^T  A?; o  ... 
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FIGURE  C-6 


CUTTING  TOOL  SPECIFICATION  -  STANDARD 
2  FLUTE  END  MILLS  FOR  ALUMINUM 
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CUTTING  TOOL  SPECIFICATIONS  ’ 

TMS-CU-OOI 

PROCUREMENT  aho  MAINTENANCE  SPECIFICATIONS 
high  h0lix  (45*)  aluminum  cutting  and  milla 
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TOOL  geometry 
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FIGURE  C-7  CUTTING  TOOL  SPECIFICATION  -  HIGH 
HELIX  ALUMINUM  CUTTING  END  MILLS 


CUTTING  TOOL  SPECIFICATIONS 
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TABLE  C-I  VERIFICATION  TEST  PROGRAM  SUMMARY 


Test 

No. 

Specimen 

Material 

No.  of 
Specimens 

Spectrum 

Task  ; 

;  (Development 

Tests) 

1 

I-beam 

2124-T851 

5 

F-lllA  Phase  I  and 

II  Training  Usage 

2 

I-beam 

2124-T851 

7 

YF-1&  Air  Superior¬ 
ity  Random  Ordered 

3 

I-beam 

6A1-4V  beta 
annealed 

6 

YF-16  Air  Superior¬ 
ity  Random  Ordered 

■T  1 - 

Task  II  (Verification  Tests) 

4 

F-111  Rear 
Spar  Segment 
-  Inboard 

2124-T851 

4 

(Same  as  test  #1) 

5 

F-111  Rear 
Spar  Segment 
-  Outb'd 

7050-T73651 

4 

(Same  as  test  #1) 

6 

YF-16  Bulk¬ 
head  Segment 

6A1-4V  beta 
annealed 

(two 

channels) 

(Same  as  test  #2) 

TABLE  C-II  GIDDINGS  &  LEWIS  (8  x  30)  3-AXIS 
SKIN  MILL  SPECIFICATIONS 


machine  SPECIFICATIONS: 

3-Axl8  Mill 
Table  Size 
Horsepower 
Spindles 
Spindle  Speeds 
Control  System 
Approximate  Location 
Task  Center 

High  Strength  Machining _ _ 

programming  SPECIFICATIONS : 

Postprocessor  (1-4  Format) 
Rapid  Traverse 

Maximum  Travel 

INTCOD  Commands  Required 

(Optional] 

SPINDL  Commands 
COOLNT  Cotmnands 
TOOLNO  Commands  (Optional) 
Gerber  ADM  Format  Statement 


(1)  Machine 
92”  X  360” 

50/100 

(2) 

1800/3600  RPM 
Bunker -Ramo  3200 
Col  72S 
231 
No 


MACHTN/TRW3GD,4 
100  IPM  (X  &  Y-Axis) 

55  IPM  (Z-Axis) 

X-Axis:  360 
Y-Axis:  92 
Z-Axis:  12 

INTCOD/8,360 
INTCOD/9,92 
INTCOD/ 10, 12 
Not  Required 
Required 

Required  for  Preset  Cutters 
FSTI  X14,  Y14,  Z14 _ 


TAULE  C-lII  ONSRUD  A-AXIS  MUX  SPECIFICATIONS 


MACHINE  SPECIFICATIONS; 

A -Axis  Mill 
Table  Size 
Horsepower 
Spindles 
Spindle  Speeds 
Control  System 
Approximate  Location 
Task  Center 

High  Strength  Machining 

PROGRAMING  SPECIFICATIONS: 

Postprocessor  (1-A  Format) 
Rapid  Traverse 


Maximum  Travel 


MULTAX  &  VAAXIS/ON  Commands 
INTCOD  Commands 
SPINDL  &  COOLNT  Commands 
TOOLNO  Commands  (Optional) 
Gerber  ATOl  Format  Statement 


Machines  (A) 

96”  X  180” 

30/100 

(2) 

9-3600  Rm 
Bunker -Ramo  3000 
Col  62-68S 
228 
Yes 


MACHIN/TRWAGD.l 
100  IPM  (X  &  Y-Axis) 

55  IPM  (Z-Axis) 

55  DPM  (Tilt) 

X-Axis:  180 

Y-Axis:  96 
Z-Axis:  18 
Tilt:  +15° 

Required 
Not  Required 
Not  Required 

Required  for  Preset  Cutters 
FSTI  XIA,  YIA,  ZIA 


lOA 


I 


TABLE  C-IV 


GIDDINGS  &  LEWIS  (8  x  30)  4-AXIS 
MILL  SPECIFICATIONS 


MACHINE  SPECIFICATIONS: 

4-Axis  Mill 
Table  Size 
Horsepower 
(2)  Spindles 
Spindle  Speeds,  (2) 
Control  System 
Approximate  Location 
Task  Center 

High  Strength  Machining 


Machine (1) 

92"  X  360" 

50/100 

1900/3600  RPM 
Bendix  Dynapath  24 
Col  60S 
230 
No 


PROGRAMING  SPECIFICATIONS: 

Postprocessor  (1-4  Format) 
Rapid  Traverse 


Maximum  Travel 


MULTAX  &  V4AXIS/ON  Commands 

INTCOD  Commands 

SPINDL  Commands 

COOLNT  Commands 

TOOLNO  Commands  (Optional) 

Gerber  ADM  Format  Statement 


MACHIN/BENDX4 
100  IPM  (X  &  Y-Axis) 

55  IPM  (Z-Axis) 

55  DPM  (Tilt) 

X-Axis:  360 
Y-Axis:  92 
Z-Axis:  18 
Tilt:  +15° 

Required 
Not  Required 
Not  Required 
Required 
Required  for  Preset  Cutters 
FSNI  X14,  Y14,  Z14 


SIZES  AND  GE(»IETRY  OF  END  MILLS  USED  TO  MACHINE  TEST  PARTS 


2.00  4.00  8  7*-10*  25*  6*  14*  .01 
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TABU  C-VII  l.»h;AM  TI'.ST  SI’KCIMKNS  Sl'ItCACK  FINISH  HATA- 
Al.HMlNUM,  I7N  b?i-001 

OUTSIDE  FIANCE  (OF)-. 

INSIDE  FIANCE  (IF)-.  \ _ IM’FER  FIANCE  (UF)^  _ _ _ _ 

i  I  <5>  0  j  O  i  O  0  0  I 

»-f-4-9 1  b  ofe  0!0_OhO  0ll0_0U 

LOWER  FIANCE  (U) 


-lAND-FINlSHED  (tl-F)- 
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Tf  It  1?  Tf 
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APPENDIX  D 


TEST  SPECTRA  AND  STRESS  LEVELS 


This  appendix  describes  the  approach  used  in  generating  the 
F-111  and  YF-16  wing  fatigue  spectra  to  be  used  on  I-beams  and 
F-Ill  rear  spar  segments  as  well  as  the  YF-16  vertical  tail 
spectrum  used  on  the  titanium  fuselage  frame  segment  that  pro¬ 
vides  partial  support  for  the  YF-16  vertical  tail.  The  selection 
of  stress  levels  for  these  components  is  also  discussed. 


1.0  FATIGUE  TEST  SPECTRA  AND  DESIGN  STRESS  LEVEL 

Preliminary  fatigue  test  spectra  were  developed  for  the 
aluminum  and  titanium  I-beam  test  program.  The  F-111  test  spec¬ 
trum  shown  in  Table  D-I  was  used  to  test  the  aluminum  I-beam 
and  spar  specimens.  The  F-16  spectrum  shown  in  Table  D-II  was 
used  on  aluminum  and  titanium  I-beams.  The  spectrum  of  Table 
D-III  was  used  on  the  YF-16  titanium  frame  se  ,i.ient.  Each  test 
spectrum  represented  aircraft  design  usage  and  was  applied  in 
randomized  block  form. 

The  test  spectra  development  procedure  used  limited  trunca¬ 
tion  of  smaller  load  factor  load  level  occurrences.  Combined 
load  levels  (layers)  were  expressed  as  a  percentage  of  the  maxi¬ 
mum  spectrum  load  and  randomized  using  an  IBM  360  procedure.  The 
randomization  technique  is  intended  to  more  realistically  repre¬ 
sent  typical  service  usage  for  spectrum  interaction  effects 
(retardation)  on  crack  initiation  and  propagation. 

The  124-layer  F-111  test  spectrum  was  applied  as  a  200-flight - 
hour  block.  Repeating  the  spectrum  20  times  represents  one  4000- 
hour  service  life.  The  maximum  (1007o)  stress  level  of  24  ksi  is 
representative  of  the  F-111  aluminum  wing  stress  level  at  maximum 
spectrum  load. 

The  120-layer  YF-16  test  spectrum  was  applied  as  a  400-fllght'' 
hour  block.  Repeating  the  spectrum  20  times  represents  one  8000- 
hour  service  life.  The  maximum  (1007o)  stresses  of  30.7  ksi  (alum¬ 
inum)  and  61.4  ksi  (titanium)  are  representative  of  YF-16  wing 
stresses  at  maximum  spectrum  load. 


122 


The  above  stress  levels  were  based  on  damage  tolerance  allow¬ 
ables  analysis  available  at  the  time  of  spectra  development.  The 
allowables  reflect  the  damage  tolerance  requirements  of  MIL-A-83444 
(USAF  Airplane  Damage  Tolerance  requirements)  for  2124-T851  alumi¬ 
num  slow  crack  growth  non-inspectable  structure. 


2.0  TEST  STRESS  LEVELS 


2.1  F-111  I-Beam  Stress  Levels 

Testing  of  the  F-111  aluminum  I-beams  began  using  the  maxi¬ 
mum  spectrum  stress  level  (MSSL)  of  24  ksi.  At  the  completion 
of  80  test  blocks  (16,000  hours)  detectable  cracking  had  not 
occurred.  The  MSSL  was  then  increased  to  45  ksi  for  subsequent 
testing  in  an  attempt  to  accelerate  crack  initiation  and  yet 
retain  sufficient  inspection  intervals.  The  45  ksi  stress  was 
estimated  based  on  a  conventional  fatigue  analysis  using  the  F-111 
test  spectrum. 

A  Kt  •  2.0  was  estimated  for  the  web/stiffener/flange  radii. 
The  analysis  combination  of  45.0  ksi  and  Kj  -  2  indicated  that 
crack  initiation  should  occur  at  approximately  0.5  lifetimes 
(10  test  blocks  or  2000  flight  hours). 

Continuation  of  testing  at  a  MSSL  of  45.0  ksi  resulted  in 
an  unexpected  failure  of  an  I-beam  in  the  flange  at  the  loading 
fixture-to-test  section  area.  The  failure  occurred  during  block 
36  at  the  45  ksi  stress  and  was  catastrophic.  While  the  failure 
indicated  a  problem  in  the  beam  design  for  load  transition,  it 
was  felt  this  could  be  corrected.  An  ultrasonic  inspection  of 
the  other  beams  being  tested  at  45  ksi  could  find  no  cracks.  It 
was  decided  to  continue  testing  the  other  beams  until  40  test 
blocks  were  completed  and  a  fix  in  the  problem  area  could  be 
instituted.  At  the  completion  of  40  blocks,  a  second  beam  was 
found  to  have  a  crack  in  the  same  area  that  was  0.5  inches  in 
surface  length.  Since  the  ultrasonic  inspection  performed  on 
this  beam  during  block  36  had  indicated  no  cracking,  the  obser¬ 
vation  was  made  that  the  apparent  crack  may  have  formed  and  pro¬ 
pagated  to  0.5  inches  in  less  than  5  blocks  indicating  very 
rapid  crack  growth  at  the  45.0  ksi  stress  level  with  very  little 
opportunity  for  any  practical  inspection  schedule  to  detect 
cracking  in  any  area  of  the  specimen.  It  was,  therefore,  decided 
that  a  smaller  MSSL  was  required  that  would  be  sufficient  to  pro¬ 
duce  crack  initiation  and  yet  propagate  crack  growth  at  a  rate 
that  would  allow  detection  of  reasonably  small  cracks  in  less  than 
one  lifetime  (or  20  test  blocks). 
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A  MSSl.  of  30.0  ksi  was  consequently  selected  by  performing 
analytical  crack  propagation  studies  to  establish  the  relative 
crack  growth  rates  for  the  F-lll  test  spectrum  over  a  range  of 
MSSLs.  The  30-ksi  stress  level  exhibited  a  computed  growth  rate 
approximately  10  times  slower  than  that  of  the  AS-ksi  stress 
level.  The  assumed  crack  growth  behavior  indicated  by  the  second 
cracked  beam  mentioned  previously  (A5  ksi,  ultrasonically  inspected 
after  35+  blocks,  0.5-inch  crack)  was  approximated,  and  the  number 
of  blocks  required  to  produce  a  0.10-inch  crack  length  was  estab¬ 
lished  as  1.8  blocks.  Using  the  reduced  analytical  crack  growth 
rate  for  the  30-ksi  stress  level,  18  blocks  are  estimated  to  pro¬ 
duce  a  0. 10-inch  crack  size  which  is  two  blocks  or  400  hours 
short  of  1  life.  The  0.10-inch  crack  size  was  judges  to  bo  a 
detectable  size  that  could  be  polished  out. 


2,2  YF-16  I-Beam  Stress  Levels 

A  MSSL  of  30  kai  was  recommended  as  the  starting  point  for 
the  YF-16  aluminum  I-beams  based  on  the  following: 

a.  Analytical  crack  growth  studies  were  performed  for  a 
range  of  MSSLs  using  the  YF-16  test  spectrum.  The 
number  of  blocks  required  to  grow  a  crack  from  0.05" 

to  0.10"  at  25  ksi  was  computed  to  be  38  blocks  (15,200 
hours).  The  number  of  F-lll  blocks  required  to  grow  a 
crack  from  0.05"  to  0.10"  at  24  ksi  was  computed  to  be 
172  blocks  (34,400  hours).  Therefore,  the  YF-16  spec¬ 
trum  is  about  2.26  times  more  severe  than  the  F-lll 
spectrum. 

b.  Metallurgical  fractographic  analysis  of  the  catastrophic 
failure  identified  a  0.07-inch  crack  in  the  test  speci¬ 
men  after  80  blocks  (4  lives)  of  the  F-lll  spectrum 
testing  at  24  ksi.  Therefore,  the  YF-16  spectrum  could 
be  expected  to  produce  an  0.07-inch  crack  at  approxi¬ 
mately  4/2.26  -  1.77  lives  with  a  MSSL  of  25  ksi. 

c.  The  crack  growth  studies  for  the  YF-16  spectrum  also 
showed  that  a  30-ksi  MSSL  would  exhibit  a  growth  rate 
about  3.2  times  faster  than  the  25-ksi  MSSL.  Applying 
this  additional  factor  to  the  1.77  lives  of  (b)  indi¬ 
cated  0.5  (i.e.,  1.77  -  3.2)  lives  to  produce  a  0.07- 
inch  crack.  It  was,  therefore,  judges  that  the  30-ksi 
MSSL  could  produce  cracking  of  the  size  of  0.07  to 
0.10  inches  in  less  than  one  lifetime. 
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TAHLK  1)-I 


I-Hh::/\MS  -  F-lll  TEST  Sl’KCTKUM 


Li);id 

Ia*vi'  1 

Min  7. 

Mnx  7. 

CycU*::  j'Oi 

2 00- Mr  iUock 

1 

n 

0.31 

239 

0.37 

666 

0.69 

1 

A 

-  0.25 

-  O.IO 

1 

5 

0.01 

0.63 

1  16 

0 

0.  1 1 

0.56 

138 

7 

0.  10 

0.29 

1280 

3 

0.05 

0.60 

1 1 

9 

0.00 

0.59 

22 

10 

-  0.  15 

-  0.07 

60 

1 1 

0.21 

0.93 

3 

12 

0.  1 1 

0.77 

10 

13 

0.32 

0.77 

3 

lA 

0.19 

0.79 

7 

15 

-  0  19 

0.12 

832 

16 

0. 19 

0.60 

810 

17 

0.22 

0.51 

112 

18 

-  0.02 

0..26 

67 

19 

0.  19 

0.76 

26 

20 

0.  10 

0.38 

301 

21 

0.  18 

0.37 

235 

22 

0.05 

0.32 

1 

23 

O.Ol 

0.62 

1 

26 

0.32 

0.78 

1 

25 

0. 15 

0.69 

3 

26 

0.26 

0.65 

1 

27 

0.29 

0.71 

1 

28 

0.18 

0.67 

51 

29 

0.06 

0.67 

168 

30 

0.15 

0.59 

13 

31 

0.21 

0.85 

10 

32 

-  0.26 

-  0.07 

7 

33 

0.11 

0.65 

53 

36 

0.25 

0.61 

6 

35 

0.02 

0.^*7 

111 

36 

-  0.25 

-  0.  15 

1 

37 

•VO.  21 

1  .  (H) 

1 

38 

-  (1.  16 

-  0  16 

1 

3»» 

(1.02 

0.28 

1376 

60 

0.  19 

0.  50 

18. 

*  MaxLnniiu  lond  li'vcl; 

mriximum  st:i’css  “  2A.0  ki^i 
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TABLE  D-I  (CONTINUED) 


Load 

Level 

Min  7. 

Max  1 

Cycles  per 
200-Hr  Block 

41 

0.27 

0.63 

1 

42 

0.27 

0.54 

10 

43 

0.18 

0.44 

20 

44 

0.02 

0.38 

362 

45 

0. 10 

0.37 

178 

0.10 

0.28 

1546 

47 

0.19 

.  0.46 

321 

48 

0.19 

0.40 

381 

49 

0.22 

0.47 

180 

50 

0.10 

0.32 

6 

51 

0.15 

0.31 

5 

52 

-  0.21 

-  0.13 

4 

53 

0.27 

0.59 

18 

54 

0.28 

0.64 

50 

55 

0.22 

0.46 

352 

56 

-  0.22 

-  0.12 

1 

57 

0.19 

0.74 

97 

58 

0.01 

0.46 

102 

59 

0.13 

0.34 

291 

60 

0.19 

0.49 

278 

61 

0.15 

0.40 

3 

62 

0.32 

0.58 

11 

63 

0.08 

0.35 

477 

64 

0.10 

0.43 

35 

65 

0.01 

0.29 

1374 

66 

0.21 

0.72 

30 

67 

0.21 

0.62 

543 

68 

-  0.21 

-  0.05 

17 

69 

0.25 

0.56 

81 

70 

0.21 

0.42 

686 

71 

-  0.02 

0.44 

63 

72 

0.21 

0.45 

130 

73 

0.02 

0.56 

102 

74 

0.21 

0.69 

1 

75 

-  0.21 

0.04 

476 

76 

0.19 

0.48 

989 

77 

0.19 

0.83 

1 

78 

0.19 

0.47 

416 
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TABLE  D-I  (CONTINUED) 


Load 

Level 

Min  % 

Max  7« 

Cycles  per 
200-Hr  Block 

79 

-  0.24 

0.03 

15 

80 

0.32 

0.69 

8 

81 

0.28 

0.70 

4 

82 

0.19 

0.44 

83 

0.19 

0.37 

763 

84 

0.21 

0.66 

104 

85 

-  0.02 

0.53 

19 

86 

0. 19 

0.72 

280 

87 

0.19 

0.52 

147 

88 

O.Ol 

0.37 

371 

89 

-  0.02 

-  0.06 

128 

90 

-  0.21 

0.07 

557 

91 

0.21 

0.66 

4 

92 

-  0.17 

0.07 

50 

93 

0.21 

0.56 

75 

94 

0.19 

0.68 

533 

95 

-  0.17 

-  0.12 

2 

96 

-  0.25 

-  0.18 

2 

97 

0.21 

0.54 

682 

98 

-  0.21 

0.04 

295 

99 

0. 15 

0.49 

25 

LOO 

0. 11 

0.42 

193 

101 

0.21 

0.70 

15 

102 

0.08 

0.35 

13 

103 

0.21 

0. 64 

195 

104 

0.10 

0.46 

29 

105 

-  0.07 

0.61 

1 

106 

0.01 

0.42 

11 

107 

0.01 

0.37 

38 

108 

0.21 

0.99 

1 

109 

0.10 

0.47 

64 

110 

-  0.26 

-  0.19 

1 

111 

-  0.25 

0.  10 

200 

112 

0.15 

0.  39 

32 

113 

O.IO 

0.56 

19 

114 

-  0.08 

0.  17 

238 

115 

-  0.06 

0.48 

1 

116 

0. 10 

0.44 

1 

117 

0.29 

0.62 

12 

118 

0.00 

0  32 

300 

119 

0.0 

0.04 

266 

I 


Load 

I.ovgI 

120 

121 

122 

123 

124 
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TABLE  D-I  (CONTINUED) 


Min  Z 

Max  Z 

Cycles  per 
20b-!lr  Block 

-  0.21 

-  0.09 

6 

0.  11 

0.37 

2 

0.  10 

0.53 

1 

0. 18 

0.42 

37 

0, 10 

0.59 

1 

Total  cycles  per  block  "  22,424 


TABLE  D-II 


I-BEAMS  -  YF-16  TEST  SPECTRUM 


Load 

Level 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 


Min.  % 

Max.  7o 

Cycles  per 
400-Hr  Block 

0. 10 

0.42 

847 

0. 15 

0.55 

5 

0.12 

0.44 

21 

0.15 

0.95 

1 

0.13 

0.51 

2 

-  0.03 

0.44 

2 

0.14 

0.34 

1861 

0.15 

0.83 

4 

0. 11 

0.30 

187 

0.15 

0.65 

7 

0.13 

0.49 

3 

0.13 

0.44 

9 

-  0.04 

0.10 

22 

0.10 

0.27 

18 

o:i2 

0.57 

37 

0.15 

0.36 

102 

-  0.03 

1.00* 

1 

0.11 

0.30 

1460 

0. 15 

0.79 

4 

0.13 

0.27 

38 

-  0.03 

0.67 

13 

0.15 

0.41 

93 

0.15 

0.51 

39 

0.12 

0.46 

3 

0.15 

0.58 

1 

-  0.06 

0.15 

36 

0.11 

0.35 

24 

0.15 

0.51 

318 

0.15 

0.48 

43 

0.10 

0.30 

1271 

0.13 

0.30 

111 

0.16 

0.51 

24 

0.13 

0.51 

1 

0.15 

0.58 

2 

-  0.03 

0.72 

16 

*  Maximum  Load  Level;  Maximum  Stress 
nnd  61.4  ksi  (Titanium). 


30.7  ksi  (Aluminum) 


TABLE  D-II  (CONTINUED) 


Load 

Level 

Min.  7. 

Max.  7. 

Cycles  per 
AOO-Hr  Block 

36 

0.13 

0.38 

1 

37 

v  0.12 

0.52 

1 

38 

0.10 

0.60 

68 

39 

0.07 

0.38 

51 

AO 

0.15 

0.57 

15 

A1 

0.13 

0.32 

16A 

A2 

0.15 

0.58 

3 

A3 

0.13 

0.3A 

72 

AA 

0.15 

0.5A 

26 

A5 

0.11 

O.AA 

3 

A6 

0.15 

0.36 

65 

A7 

0.12 

0.81 

1 

A8 

0.12 

0.6A 

10 

A9 

0.12 

0.68 

8 

50 

0.15 

0.57 

10 

51 

0.12 

0.72 

A 

52 

0.11 

0.35 

1122 

53 

O.AA 

3A 

5A 

O.IA 

0.68 

16A 

55 

0.12 

0.51 

AA 

56 

0.12 

0.51 

3 

57 

0.15 

0.3A 

3A7 

58 

O.U 

0.3A 

5 

59 

0.0 

0.15 

57 

60 

-  0.23 

0.12 

A 

61 

0.12 

0.5A 

1 

62 

0.11 

0.32 

65 

63 

0.12 

0.A7 

30 

6A 

0.12 

O.AA 

A3 

65 

-  0.03 

0.59 

31 

66 

0.15 

0.A8 

8 

67 

0.12 

0.51 

26 

68 

0.15 

0.38 

A77 

69 

0.11 

0.30 

889 

70 

0.07 

0.62 

A 

71 

0.12 

0.33 

30 

72 

0.12 

0.78 

1 

73 

0.15 

0.A8 

1 

7A 

0.10 

0.A9 

1 

75 

0.13 

O.Al 

10 
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TAHLE  D-III 

YF-16  VERTICAL  TAIL  ROOT  ROLLING  MOMENT  TEST  SPECTRUM 


Load 
Levo  1 

Min. 

Alt 

Percent 
.  Load 

Max.  Percent 
Alt.  Load 

Cycles  per 

Rlock 

i-r— - 

1 

- 

25.0 

25.0 

2900 

2 

- 

83.3 

83.3 

1 

3 

- 

100.0 

100.0 

One  Cycle  Every  5  Blocks 

A 

- 

A1.7 

41.7 

89 

5 

66.7 

66.7 

4 

6 

m 

58.3 

58.3 

9 

7 

- 

75.0 

75.0 

2 

8 

- 

33.3 

33.3 

470 

9 

- 

16.7 

16.7 

14500 

m 

- 

91.7 

91.7 

One  Cycle  Every  2  Blocks 

11 

- 

50.0 

50.0 

25 

NOTES:  (1)  The  mean  load  is  zero. 

(2)  1  Rlock  “  AOO  flight  hours. 

(3)  1007o  root  RM  @  W.L.  116.5  «  0.600  x  10^  in.  lbs. 
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APPENDIX  E 


TEST  FIXTURES  AND  SPECIMEN  LOADING 


This  appendix  describes  the  test  set-up  and  the  operations 
pertinent  to  the  fatigue  spectrum  loading  on  the  I-beams,  the 
F-111  rear  spar  segments  and  the  YF-16  fuselage  frame. 


1 . 0  TEST  FIXTURES 

Each  specimen  type  was  installed  in  a  test  fixture  specially 
designed  to  apply  its  loading  requirements. 


1.1  I-Beams 

The  I-beam  specimens  were  installed  in  fixture  622FTJ21812 
as  shown  in  Figure  E-1.  This  fixture  applied  fixed  end  moments 
to  the  specimen  so  the  stress  was  constant  along  the  length  of 
the  beam  test  section.  Four  )ieams  with  loading  assemblies  were 
suspended  from  a  support  frame  and  were  tested  simultaneously. 


1.2  F-111  Rear  Spar  Segments 

The  rear  spar  specimens  were  installed  in  fixture  622FTJ21820 
as  shown  in  Figures  E-2  and  E-3.  The  rear  spars  were  loaded  in 
pairs  consisting  of  one  as-machined  and  one  hand- finished  part. 

The  loading  assembly  applied  fixed  end  moments  to  each  of  the  two 
pairs  of  spars  suspended  in  the  fixture. 


1.3  YF-16  Fuselage  Frame 

The  YF-16  fuselage  frame  specimen  consisted  of  two  sculptured 
channels  back  to  back,  half  of  each  channel  as-machined,  the  other 
half  hand- finished.  The  assembly  was  installed  in  a  loading  frame 
as  shown  in  Figure  E-A.  The  test  fixture  is  specified  on  drawing 
622FTJ21825.  The  loads  were  applied  through  a  fitting  representing 
the  vertical  tail  attach  fitting  and  were  completely  reversible. 
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2.0  LOADING  SYSTEM 


The  load  control  system  for  this  program  was  the  computer¬ 
ized,  electro-hydraulic  servo  system  with  load  cell  feed  back 
closing  the  loop.  The  spectrum  data  was  stored  in  computer 
memory  as  digital  data.  Each  layer  or  step  was  called  up  sequen 
tially  and  converted  to  an  analog  signal  which  was  the  command 
signal  for  the  closed  loop  servo  system.  Each  specimen  was 
controlled  by  its  individual  command  channel. 


3 . 0  PROCEDURES 

The  procedures  discussed  here  are  those  common  to  each 
specimen.  Procedures  peculiar  to  the  I-Beams  are  discussed  in 
Section  4. 

3.1  Strain  Surveys 

Strain  surveys  were  conducted  on  each  type  of  specimen 
before  the  application  of  spectrum  fatigue  loading  and  are 
reported  in  Tables  E-I  thru  E-V. 

Table  E-I  presents  the  final  strain  survey  on  the  first 
I-beam. 

Table  E-II  presents  the  final  strain  survey  on  the 
inboard  read  spar. 

Table  E-III  presents  the  final  data  on  the  outboard 
read  spar. 

Table  E-IV  presents  the  final  strain  data  on  the 
YF-16  frame. 

Table  E-V  presents  the  final  strain  readings  for 
balancing  each  I-beam  prior  to  spectrum  fatigue 
loading. 

The  first  aluminum  I-beam  had  80  channels  of  strain  gauges 
to  verify  predicted  stress  levels  and  load  paths.  The  remaining 
I-beam  specimens  had  8  channels  of  gauges  which  were  used  to 
verify  the  symmetry  of  the  applied  loads.  Location  of  gauges  are 
shown  on  Figure  E-5.  Adjustment  capabilities  for  aligning  the 
load  rams  were  incorporated  in  the  load  fixture.  The  adjustments 
were  made  until  the  symmetry  of  the  strain  readings  was  within  5% 
of  the  theoretical  strain. 
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FIGURE  E-5  I-BEAM  -  STRAIN  GAUGE  LOCATIONS  (622-010) 


One  each  of  the  F-111  inboard  and  outboard  rear  spar  speci¬ 
mens  was  instrumented  with  27  and  28  channels  of  strain  gauges, 
respectively,  as  shown  in  Figures  E-6  and  E-7 .  The  remaining  in¬ 
board  and  outboard  specimens  had  7  and  4  channels  of  gauges, 
respectively,  which  were  used  for  load  balance.  Strain  surveys 
were  run  and  the  applied  loads  changed  until  the  stress  in  the 
spars  reached  the  proper  level.  Spectrum  loading  was  then  applied. 

The  YF-16  fuselage  frame  specimen  was  gauged  with  20  channels 
of  strain  gauges  shown  in  Figure  E-8.  Load  was  applied  and  strain 
data  recorded  until  the  proper  stress  level  in  the  bulkhead  was 
attained.  The  vertical  tail  test  spectrum  loads  were  then  applied. 


3.2  Inspections 

The  primary  method  of  inspection  was  visual  using  a  4x  and 
8x  magnifying  glass.  Other  inspection  techniques  used  were  ultra¬ 
sonic  NDI  and  dye  penetrant. 

The  titanium  test  specimens  were  inspected  visually  only 
during  testing.  After  testing  was  completed  the  specimens  were 
fluorescent  penetrant  inspected. 

The  aluminum  I-beams  and  reas  spars  were  inspected  using  the 
three  techniques  mentioned  above. 

The  inspection  schedule  shown  in  Table  E-VI  was  followed  for 
visual  inspections.  The  ultrasonic  inspection  schedule  was  used 
as  a  guideline  with  the  actual  inspection  intervals  based  on  test 
engineering  judgement. 

A  metallurgical  analysis  was  conducted  on  the  first  eight 
aluminum  and  two  titanium  I-beam  specimens  to  determine  the  time 
of  crack  initiation  in  terms  of  spectrum  block  loading.  Results 
of  these  analyses  are  described  in  Appendix  F. 


4.0  I-BEAM  FATIGUE  TESTS 

The  I-beam  test  phase  of  the  program  was  considered  develop¬ 
mental  and  therefore  had  procedural  aspects  that  were  peculiar  to 
these  specimens  and  not  to  the  more  straight-forward  procedures 
followed  for  the  rear  spars  and  fuselage  frame  tests. 
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FIGURE  E-6  F-111  INBOARD  REAR  SPAR  SEGMENT 

STRAIN  GAUGE  LOCATIONS  (622-012) 


15  TYP 


FIGURE  E-7  F-111  OUTBOARD  REAR  SPAR  SEGMENT 

STRAIN  GAUGE  LOCATIONS  (622-014) 


FIGURE  E-8  YF-16  FUSELAGE  FRAME  STRAIN  GAUGE 

LOCATIONS  (622-013) 


TABLE  E-VI 

TEST  INSPECTION  SCHEDULE 


Visual  inspection  U  -  Ultrasonic  inspection  *  +  1/2  life,  not  to  exceed  11/2  life  between 

inspections  except  where  indicated 


4.1  Test  Procedure  Variations 

All  the  I-beam  specimen  were  tested  until  catastrophic 
failure  occurred.  During  the  course  of  testing,  the  stress  level 
in  the  aluminum  beams  was  increased  above  the  F-111  spectrum 
maKimum  stress  of  24,000  psi  and  the  YF-16  spectrum  maximum  stress 
of  30,000  psi.  This  occurred  after  demonstrating  their  respective 
service  life  reqiiirements  without  developing  any  cracks.  The 
cracks  that  developed  as  a  result  of  the  increased  loading  did 
not  represent  the  aircraft  structural  experience.  The  purpose 
of  these  tests  was  to  generate  cracks  to  illustrate  the  surface 
integrity  relationship  between  as-machined  and  hand-finished 
surfaces. 

Doublers  were  added  to  each  flange  at  both  ends  of  the  beams 
as  shown  in  Figure  E-9.  These  were  required  to  provide  reinforce¬ 
ment  to  the  I-beams  in  the  load  transition  sections  so  as  to  gen¬ 
erate  more  cracks  elsewhere  in  the  beam  span.  Later,  the  result- 
int  excessive  beam  life  dictated  the  removal  of  the  doublers. 

See  Appendix  F  for  details. 

Four  of  the  aluminum  I-beams,  without  doublers,  had  1/4” 
diameter  holes  drilled  in  each  flange  using  a  drill  template. 

A  total  of  72  holes  per  beam  was  drilled  in  the  flanges  as  shown 
in  Figure  E-10.  Holes  were  drilled  and  deburred  using  standard 
aircraft  techniques.  Holes  were  of  typical  aircraft  quality. 

These  were  all  tested  to  the  YF-16  spectrum  at  a  maximum  stress 
level  of  30,000  psi. 

The  six  titanium  I-beams,  without  doublers  were  tested  to 
the  YF-16  load  spectrum.  Four  were  tested  to  a  maximum  spectrum 
stress  of  94,000  psi,  one  to  87,000  psi  and  one  to  68,000  psi 
stress  since  these  appeared  to  have  typical,  progressive  fatigue 
crack  development. 


4.2  I-Beam  Orientation 

In  order  to  identify  the  location  of  a  crack  or  failure  on 
an  I-beam  the  orientation  scheme  shown  in  Figure  E-11  was  estab¬ 
lished.  The  mark  on  the  end  of  the  hand-finished  portion  of  the 
beams  was  used  to  orient  the  beam  for  identifying  the  upper  and 
lower  flange  and  the  near  and  far  side  of  the  beam.  Each  bay  in 
the  beam  was  numbered  at  the  flange-stiffener  intersection  for 
more  precise  crack  or  failure  location  along  the  beam  length. 
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FIGURE  E-9  DOUBLER  -  ALUMINUM  I-BEAM  (622-015) 


OftlEKTATION  HARK  LCXIATION 


5.0  FATIGUE  TEST  SPECTRA 

The  F-111  test  spectrum  was  used  to  test  aluminum  specimens 
only.  The  YF-16  test  spectrum  was  used  to  test  aluminum  and 
titanium  specimens.  The  YF-16  vertical  tail  test  spectrum  was 
used  to  tost  the  titanium  fuselage  frame.  Each  test  spectrum 
represents  current  aircraft  design  usage  and  was  applied  in 
randomised  block  form.  Appendix  D  tabulates  all  three  fatigue 
test  spectra. 

The  124-layor  F-111  test  spectrum  was  applied  as  a  200  flight- 
hour  block.  Repeating  the  spectrum  20  times  represented  one  4000- 
hour  service  life.  The  maximum  (100%)  stress  level  of  24  ksi  is 
representative  of  the  F-111  aluminum  wing  stress  level  as  maximum 
spectrum  load. 

The  120-layer  YF-16  test  spectrum  was  applied  as  a  400-flight- 
hour  block.  Repeating  the  spectrum  20  times  represented  one  8000- 
hour  service  life.  The  maximum  (1007.)  stresses  of  30.7  k.'i 
(aluminum)  and  61.4  ksi  (titanium)  are  representative  of  YF-16 
wing  stresses  at  maximum  spectrum  load. 

The  11  layer  YF-16  vertical  tail  root  rolling  movement  test 
spectrum  was  applied  as  a  400-f light-hour  block.  Repeating  this 
block  20  times  represents  one  8000  hour  service  life.  The  maximum 
(1007.)  stress  of  38  psi  was  representative  of  the  fuselage  frame 
stress  at  maximum  spectrum  load. 
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APPENDIX  F 


FATIGUE  TEST  HISTORY  AND  RESULTS 


The  results  of  the  spectrum  fatigue  testing  of  the  I-beams 
are  presented  In  tabulated  format  as  visual  and  ultrasonic 
Inspections  that  were  made  during  testing.  Also  Included  are  the 
metallurgical  analyses  of  fractured  surfaces  from  selected  speci¬ 
mens  of  failed  I-beams.  Test  results  of  the  F-111  rear  spar 
specimens  and  the  F-16  frame  assembly  are  also  discussed. 

Results  of  fatigue  analyses  are  presented  and  explained 
In  Appendix  G. 


1.0  SPECTRUM  TEST  DATA 

Visual  observations  and  ultrasonic  Inspections  were  made 
to  detect  cracks  at  Intervals  of  spectrum  loading.  If  a  crack 
was  observed  before  failure  of  the  part,  Its  location  and  number 
of  blocks  tested  was  recorded.  If  the  crack  size  was  not  con¬ 
sidered  excessive,  It  was  polished  out  and  testing  continued 
until  another  event  occurred. 

The  I-beam  tests  were  developmental  tests  to  obtain 
quantitative  data  on  the  surface  roughness  effects  on  fatigue 
life.  Doublers  were  added  to  the  last  five  aluminum  I-beams 
tested  without  fastener  holes,  to  prevent  a  premature  failure 
In  the  load  transition  area  as  experienced  In  the  first  three 
specimens.  The  doublers  were  deleted,  however,  from  the 
titanium  beams  and  the  aluminum  beams  with  fastener  holes  to 
obtain  a  shorter  fatigue  life,  thus  reducing  the  span  time 
of  testing. 

The  two  F-111  rear  spar  tests  and  the  YF-16  fuselage  frame 
test  were  verification  that  the  as-machlned  surface  finished 
aircraft  parts  could  adequately  sustain  their  respective  service 
lives  at  the  prescribed  maximum  spectrum  stress  level. 
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1.1  I-Beam  Test  Data 


A  summary  of  the  test  data  from  the  eighteen  I-beams  is  pre¬ 
sented  in  Tables  F-I,  F-II  and  F-III  with  a  graphic  description 
of  the  test  history  depicted  in  Figure  F-1.  Photographs  of  the 
failed  specimens  are  presented  as  Figures  F-2  through  F-19  and  are 
referenced  according  to  specimen  number  in  the  data  tabulation. 
Tables  F-IV,  F-V  and  F-VI  summarizes  the  cracks  observed  following 
testing,  defining  their  locations  and  surface  roughness  of  the 
beams  at  the  site  of  crack  initiation.  Crack  location  nomenclature 
is  presented  in  Figure  F~20. 

1.2  F-111  Rear  Spar  Segments  Data 

The  four  Inboard  rear  spar  members  were  tested  in  pairs  for 
120  blocks  of  the  F-111  spectrum  maximum  stress  of  24,000  psi  with 
no  cracks  or  failures.  The  four  outboard  rear  spar  members  were 
also  tested  in  pairs  for  120  blocks  of  the  F-111  spectrum,  but 
at  a  maximum  stress  of  28,000  psi.  No  cracks  or  failures  were 
experienced  during  this  period.  Testing  was  continued  on  the 
outboard  spars  until  all  other  program  testing  was  completed. 

One  pair  sustained  228  blocks,  the  other  pair  230  blocks  with 
no  cracks  detected  by  either  visual  observations  or  penetrant 
inspection. 


1.3  YF-16  Fuselage  Frame  Data 

The  YF-16  fuselage  frame  assembly  specimen  was  tested  for 
60  blocks  of  the  YF-16  vertical  tail  rolling  moment  test  spec¬ 
trum  (the  assumed  life  requirement)  with  a  maximum  stress  of 
38,000  psi  (the  design  maximum  spectrum  stress  level).  No 
cracks  were  revealed  by  visual  inspection.  The  maximum  spec¬ 
trum  stress  was  then  Increased  to  67,000  psi  and  the  test  run 
until  failure  occurred  in  block  5,  layer  4,  cycle  1  of  this 
higher  stress  loading. 

The  primary  failure  occurred  in  the  hand-finished  sec¬ 
tion  of  -7  and  is  shown  in  Figures  F-21  and  F-22.  The  frac¬ 
ture  surface  was  damaged  due  to  the  reversed  spectrum  loading 
and  could  not  be  analyzed  for  the  time  of  crack  initiation. 
After  the  frame  assembly  was  removed  from  the  test  fixture, 
visual  examination  revealed  two  additional  cracks  -  one  in 
the  as-machined  surface  of  -7  and  one  in  the  hand-finished 
surface  of  -9.  Flourescent  penetrant  inspection  discovered 
eight  more  cracks  -  all  in  as-machined  surfaces.  Figure  F-23 
summarizes  all  cracks  discovered. 


2.0  METALLURGICAL  ANALYSIS 


A  metallurgical  examination  and  analysis  was  conducted  on 
the  eight  aluminum  I-beams  without  fastener  holes  and  two  of  the 
six  titanium  I-beams  to  determine  the  effective  crack  origin 
time.  The  test  blocks  required  to  initiate  the  critical  crack  of 
these  aluminum  and  titanium  specimens  are  summarized  in  Tables  F-I 
and  F-II  respectively.  Note  that  four  of  the  titanium  beams  had 
crack  initiation  simultaneous  with  failure.  A  discussion  of  the 
metallurgical  observations  for  each  of  the  I-beams  analyzed  is 
presented  below. 

Specimen  S/N  F409755 

Two  fatigue  origins  "a"  and  "b"  were  seen,  see  Figure  F-2. 

The  primary  origin  started  at  Blk  130  while  origin  "b' 
started  at  Blk  135. 

Specimen  S/N  F409764 

The  subject  specimen  had  failed  during  LL108  of  block  115. 
The  first  80  blocks  were  cycled  with  the  1007o  load  equal 
to  24  ksi  while  the  100%  load  for  the  last  35  blocks  plus 
108  load  levels  was  equal  to  45  ksi.  Figure  F-3  is  a  view 
of  the  fatigue  crack  growth 


The  growth  dimensions  are  as  follows 


a 

2c 

a/2c 

1.  End  of  block  80 
(100%  -  24  ksi) 

.015 

.070 

.21 

2.  During  100%  -  45  ksi 

.070 

.35 

.20 

3.  During  100%  -  45  ksi 

.11 

.43 

.26 

4.  Failure  Blk  36  LL108 
(100%  -  45  ksi) 

.2028 

.985 

.21 

5.  Aluminum  total  thick¬ 
ness 

.2356 

A  crack  existed  at  the  end  of  the  first  80  blocks  of  100%  » 
24  ksi  as  seen  above.  The  a/2c  reflects  the  effect  of  the 
multiple  origins  combining  to  form  a  single  2c  dimension 
at  an  "a"  depth. 
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Specimen  S/N  F409759 

There  were  two  fatigue  origins  as  reen  in  Figure  F-4. 

The  primary  origin  "a**  started  at  Blk  202  and  became 
a  thru  crack  at  Blk  259.  Although  the  majority  of  the 
crack  was  ground  out  at  the  end  of  Blk  225,  there  still 
remained  a  portion  of  the  original  fatigue  crack.  The 
second  fatigue  origin  "b"  started  at  Blk  210.  Origin 
"b"  was  present  after  the  Blk  225  grind  out. 

Specimen  S/N  F409758 

A  single  origin  can  be  ieen  in  Figure  F-5.  The  crack 
became  a  thru  crack  during  Blk  417.  The  effective 
fatigue  starting  time  was  approximately  Blk  296. 

Specimen  S/N  F409762 

The  fatigue  crack  was  seen  progressing  through  the  stif¬ 
fener,  Figure  F-6,  with  the  fatigue  origin  lying  at  the 
specimen  corner.  Figure  F-6a.  The  effective  origin 
starting  time  was  approximately  Blk  229. 

Specimen  S/N  F409757 

The  effective  fatigue  starting  time  was  at  approximately 
Blk  157.  The  fatigue  origin  resulted  from  a  damaged 
(bruised)  corner  of  the  high  stressed  flange. 

Specimen  S/N  F409765 

A  single  origin  is  seen  in  Figure  F-8a.  The  effective 
starting  time  occurred  at  approximately  Blk  183  and 
became  a  thru  crack  at  Blk  288.  Figure  F-8b  represents 
the  crack  growth  along  the  short  transverse  direction. 

Specimen  S/N  F409760 

One  primary  origin  was  visible,  Figure  F-9a.  The  fatigue 
origin  resulted  from  fabrication  damage  when  the  doublers 
were  added  to  this  specimen.  Figure  F-9b,  an  oblique  view 
of  the  specimen  corner,  showed  the  damaged  surface  near  the 
corner- fracture-doubler  area.  The  fatigue  origin  started 
at  Blk  101  during  the  35  ksi  max.  stress. 
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Specimen  S/N  F409772 

The  fatigue  origin  (arrow)  lies  approximately  0.4  Inches 
from  the  edge  on  the  Inner  surface  of  location  #1,  far 
side,  of  the  hand- finished  end  as  shown  In  Figure  F-12. 
The  effective  crack  starting  time  was  approximately 
block  24  to  29. 

Specimen  S/N  F409770 

The  fatigue  origin  shown  In  Figure  F-14  lies  just  In  from 
the  far  side  edge  of  the  lower  flange  on  the  outer  sur¬ 
face  In  location  #1,  of  the  hand- finished  end.  The  effec 
tlve  crack  starting  time  was  approximately  block  62. 
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FIGURE  F-2  ALUMINUM  I-BEAM  FAILURE,  S/N  F409755 


FIGURE  F-3 


ALUMINUM  I-BEAM  FAILLTRE,  S/N  F409764 
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FIGURE  F-8  ALUMIJJUM  I-BEAM  FAILURE,  S/N  F409765 


FIGURE  F-13  TITANIUM  I-BEAM  FAILURE,  S/N  F409772 
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APPENDIX  G 


FATIGUE  ANALYSIS  OF  I-BEAM  SPECIMENS 


The  aluminum  and  titanium  I-beams  (without  fastener  hole 
concentrations)  were  necessarily  fatigue  tested  to  stress 
levels  higher  than  the  maximum  spectrum  design  stresses  to 
accelerate  cracking  and  reduce  test  time.  The  fatigue  analysis 
required  to  transfer  the  test  results  into  data  equivalent  to 
testing  at  the  maximum  spectrum  design  stresses  is  presented 
herein.  Also  presented  is  data  manipulation,  the  results  of 
which  represents  the  effectiveness  and  sensitivity  of  the 
specimen's  stress  concentration  at  the  failure  site. 


1.0  NORMALIZING  FATIGUE  LIFE 

Following  is  the  method  used  to  convert  the  fatigue  life 
experienced  at  the  actual  test  stress  levels  into  an  equivalent 
life  as  if  tested  at  the  maximum  spectrum  design  stress  level. 
Normalization  was  not  required  for  the  aluminum  I-beams  with 
fastener  holes,  since  they  were  tested  to  the  maximum  spectrum 
design  stress. 

A  metallurgical  examination  was  conducted,  as  described 
in  Appendix  F,  on  each  failed  specimen  to  determine  the  point 
of  crack  initiation  in  terms  of  blocks  of  testing  completed  at 
time  of  crack  initiation.  Using  this  data  in  a  computerized 
fatigue  analysis  program  (UG9),  the  theoretical  fatigue  damage 
applied  to  each  test  specimen  to  the  point  of  crack  initiation 
was  calculated.  This  computation  was  made  for  various  fatigue 
stress  concentration  factors  (Kj)  utilizing  the  applicable  F-111 
200-hour  block  spectrum  applied  to  the  "actual"  test  stresses 
and  combined  with  the  appropriate  S-N  data  and  Miner's  cumulative 
damage  rule,  i.e.,  2n/N  1.0  at  crack  initiation.  From  the 
UG9  program  output,  plots  were  made  of  Kt  versus  applied  theo¬ 
retical  fatigue  damage.  The  effective  Kt  at  crack  initiation 
was  read  directly  from  each  plot  at  2  n/N  ■  1.0  (Miner's  rule 
for  failure).  A  sample  plot  for  specimen  S/N  767  is  shown  in 
Figure  G-1.  For  the  purpose  of  this  analysis,  this  effective 
Kt  will  be  addressed  as  a  Stress  Concentration  Transfer  Factor 
(Ktr),  a  factor  required  to  transfer  fatigue  life  from  one 
spectrum  stress  level  to  another.  It  is  not  to  be  confused 
with  an  actual  stress  concentration. 
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Fatigue  analyses  were  again  computed,  this  time  for  a 
unitized  20  block  test  using  the  same  F-111  200-hour  or  YF-16 
400-hour  block  spectrum  but  at  the  maximum  spectrum  design 
stress  level.  These  computations  were  also  made  utilizing 
the  UG9  procedure  for  several  Kj  values.  The  resulting  outputs 
were  plotted  in  terms  of  Kj  versus  damage.  A  sample  plot  for 
specimen  S/N  767  is  shown  in  Figure  G-2.  From  those  plots  a  unit 
damage  rate  per  block  (n/N/BIX>CK)  of  maximum  spectrum  design 
stress  was  established  corresponding  to  the  Kj  equivalent  in 
value  to  the  transfer  factor,  K-pg,  derived  earlier.  Thus  for  a 
damage  of  unity  (  I' n/N  -  1.0),  the  equivalent  life  in  terms  of 
blocks  of  maximum  spectrum  design  stress  was  established. 

The  results  of  the  fatigue  analyses,  in  terms  of  damage 
per  block  and  equivalent  life  at  maximum  spectrum  design  stress, 
are  presented  in  Tables  G-I  and  G-11.  Supporting  test  data  is 
also  presented  for  reference  information. 


2.0  FATIGUE  NOTCH  EFFECTIVENESS 
AND  SENSITIVITY 

Geometric  stress  concentration  factors  (Kt)  were  determined 
for  each  specimen  at  the  location  of  failure.  For  specimens 
with  failure  occurring  in  the  load  transition  area,  bay  no.  1, 
the  Kj  was  established  as  the  ratio  of  the  actual  stress  at  this 
location  to  the  nominal  stress  in  a  typical  section  of  the  beam. 
All  specimens  experienced  a  stress  ratio  of  1.35  in  this  area. 
Guidelines  presented  in  "Stress  Concentration  Design  Factors" 
by  R.  E.  Peterson  were  used  to  assess  the  geometric  concentrations 
applicable  to  the  typical  sections  of  the  beams  or  the  area  of 
unloaded  fastener  holes.  The  resulting  Kj  factors  were  deter¬ 
mined  to  be  1.1  and  2.8  respectively. 

Based  on  the  normalized  fatigue  life,  described  in  paragraph 
1.0,  and  using  applicable  S-N  curves,  the  fatigue  strength  of 
each  specimen  was  determined  as  if  no  concentration  existed 
(Kx  *  1.0)  and  also  for  the  actual  geometric  concentration  factors 
as  explained  above  (Kj  *  1.1,  1.35  or  2.8).  The  ratio  of  the 
fatigue  strength  without  concentration  ((Tn)  to  the  fatigue 
strength  with  the  specified  concentration  ( tTn  )  is  defined  as 
the  fatigue  strength  reduction  factor  (Kf),  i.e., 

Kf  -  tTn 

-rrr- 
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Those  values  of  Kf  arc  a  measure  of  the  actual  effectiveness  of 
n  sci-oss  concentraclon.  They  are.  of  necea-sity.  calcu  atcd  uaing 
and  <r,',  valdoa  o£  .axi„,u.  s,>octru,„  atrosses 
tabulates  the  values  of  Kt,  (?^n.  ‘^n  ♦  "^f  ^ 

tested . 


From 


the  above  data,  the  fatigue  notch  sensitivity  factor, 


q,  was  derived  and  is  defined  as 


q 


Kf  -  1 
Kt  “  i 


The  numerator  represents  the  effectiveness  of  the  notch 
while  the  denominator  represents  its  effectiveness 
olastic  situation.  The  resulCiog  notch  sensitivity  factor  is  an 
iidicaclon  o£  the  aevority  of  the  fatigue  condition.  The  higher 


the  value  of  q,  the  more 


severe  is  the  fatigue  condition  and 


conaequontly  represents  a  reduction  In  £.itiguo  U£e.  These 
v™ucs  o£  q  £or  each  specimen  are  also  presented  in  Table  G-III. 


i'c  Section  4.2  of  Volume  1  for  an  evaluation 
ship  between  the  fatigue  notch  sensitivity  factors 
finish  condition  of  the  beams. 


of  the  relation- 
and  the  surface 
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2B  BLCS.  @  CPtACH  INITIATION 


BOlDVi  NOIlVHXNaDNOD  SSHBIS 


>J01DVi  NOIlV>llNaDNOD  SS3HXS 


NOTES:  (1)  These  equivalent  life  values  are  for  scatter  factor  ■  1.0. 

(2)  The  nominal  stress  is  a  typical  section  stress  and  the  actual  stress  is 
that  measured  v^iue  at  the  critical  section. 
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Reference  Equations: 
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APPENDIX  H 


STATISTICAL  ANALYSIS 


The  results  of  statistical  analyses  conducted  on  production 
part  dimensional  deviations  and  fatigue  test  data  from  I-beam 
specimen  tests  are  presented  in  this  appendix. 


1.0  DIMENSIONAL  DEVIATION 

From  the  data  obtained  during  the  shop  dimensional  survey, 
described  in  Appendix  B,  Point  and  Interval  Estimates  were  made 
for  "deviation  from  nominal  dimension."  Three  permissable 
tolerance  limits  for  stiffeners  and  flanges  and  two  for  webs 
were  assumed.  The  point  estimate  of  the  proportion  of  actual 
dimensions  that  would  fall  within  the  specified  limits  was  then 
determined.  Since  this  is  an  estimate  of  the  proportion,  the 
interval  on  the  proportion  was  determined  at  both  95%  and  99% 
confidence  levels.  The  results  of  these  analyses  are  presented 
in  Table  H-I. 

It  is  to  be  noted  that  the  data  used  in  estimation  of  these 
proportions  were  collected  when  the  specified  deviation  was 
+  0.010.  If  the  permissable  tolerances  are  relaxed  on  actual 
hardware  as  assumed,  and  if  the  manufacturing  process  changes  as 
a  result,  the  proportions  estimated  at  the  relaxed  levels  may  be 
an  overestimate. 


2.0  I-BEAM  FATIGUE  TESTS 

Results  of  the  I-beam  fatigue  tests  are  summarized  in 
Table  H-II.  These  data  are  statistically  analyzed  in  this 
section  to  determine  the  effect  of  surface  finishing. 


2.1  Aluminum  I-Beams  Without  Fastener  Holes 

Eight  aluminum  I-beams  without  fastener  holes  were  fatigue 
tested.  Two  of  these  specimens  failed  as  a  result  of  local 
damage  and  the  results  of  these  tests  will  be  deleted  from  the 
following  statistical  analyses. 
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TABLE  H-II 

SU^WARY  OF  TEST  RESULTS  AT  SITE  OF  FAILURE  -  I-BEAM  SPECIMENS 
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2.1.1  Effect  of  Surface  Finish  on  Fatigue  Cracks 

There  were  8  fatigue  cracks  observed  on  „v 

(A-M)  surfaces  and  3  cracks  occurring  on  the  hand-finished  (H-F) 
surfaces.  On  the  basis  of  this  evidence,  it  can  be  concluded, 
with  a  confidence  level  of  89%,  that  cracks  are  more  likely  to 
occur  on  the  A-M  surfaces  than  on  the  H-F  surfaces. 

Of  the  critical  cracks  allowed  to  grow  to  failure,  5  occurred 
on  the  A-M  surfaces  and  only  1  on  the  H-F  surfaces.  The  results 
indicate  that  one  can  be  89%  confident  that  failures  are  more 
likely  to  occur  on  the  A-M  surfaces. 

To  determine  the  relationship  between  cracks  and  their  loca¬ 
tion  along  the  beam,  all  the  aluminum  data  (with  and  without 
fastener  Lies)  has  been  pooled  together  to  obtain  a  reasonable 
sample  size  for  a  chi-square  statistical  test.  The  ^ 

this  test  is  that  there  is  no  evidence  to  refute  a  random  distri¬ 
bution  of  cracks  across  positions  H  through  #7. 

2.1.2  Effect  of  Surface  Finish  on  Surface  Roughness 

Surface  roughness  measurements  were  taken  ^|j^°"Shout  the 
length  of  the  specimens  and  are  shown  according  to  the  Position 
on  each  beam  in  Table  H-III.  The  average  roughness  on  the  H-F 
ends  is  24.9  AA.  while  the  average  roughness  on  the  A-M 

ends  is  62.1  u(in. )  AA.  Since  the  average  roughnesses  differ 
by  so  much  relative  to  the  variability  observed^witnin  these  two 
groups  (A-M  and  H-F),  one  can  be  more  than  99.9%  confident  that 
l-H  Lrkces  are  rougher  than  H-F  surfaces  for  ‘he  type  of  I-beap 
specimens  that  this  data  represents.  There  is  no  indication 
a  trend  in  roughness  by  position  along  the  beams. 

The  mean  roughness  at  the  5  beam  failure  sites  ^ 

ends  is  71.0  compared  to  the  mean  roughness  of  62.1  for  aii  a  m 
surfacL.  The  difference  is  not  large  enough,  with  respect  to 
the  variability  in  roughness  on  the  A-M  ends,  to  be  conside 
statistically  significant  at  the  90%  level  (t*1.5). 

Surface  roughness  measurements  were  obtained  at  the  failure 
sites  and  also  at  the  corresponding  position  on  the  opposite  end 
of  tL  bLm  Of  the  6  specimens  analyzed,  5  failures  occurred 
“on  the  if  tL  bea™  tLt  was  the  roughest  Based  on  this^^ 
relationship,  one  can  conclude,  with  a  confidence  of  894, 
failures  are  more  likely  to  occur  on  rougher  “Surfaces.  Unfor- 
Lnately,  most  of  the  roughest  surfaces  are  on  the  A-M  ends  of 
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the  beams.  As  a  result,  it  cannot  be  determined  whether  it  is 
the  roughness  or  some  other  characteristic  of  the  A-M  surfaces 
that  has  led  to  more  observed  failures  on  A-M  surfaces. 

In  addition  to  being  rougher  on  the  average,  A-M  surfaces 
display  more  variability  of  roughness  than  do  H-F  surfaces.  The 
standard  deviation  for  A-M  surfaces  is  13.0  as  compared  to  7.0 
for  H-F  surfaces. 

2.1.3  Effect  of  Surface  Finish  on  Fatigue  Life 

No  relationship  between  equivalent  life  and  surface  finish 
can  be  established  from  the  data,  regardless  of  whether  the 
magnitudes  of  the  equivalent  life  are  used  or  simply  the  rank 
of  the  equivalent  life  are  used. 


2.2  Aluminum  I-Beams  with  Fastener  Holes 

Four  aluminum  I-beams  were  fatigue  tested  with  36  fastener 
holes  drilled  in  each  flange.  The  unloaded  fastener  holes  pro¬ 
duced  a  stress  concentration  of  2.80  as  compared  to  1.10  for  the 
beams  without  holes.  As  a  result,  all  cracks  and  failure  origi¬ 
nated  from  these  fastener  holes. 

2.2.1  Effect  of  Surface  Finish  on  Fatigue  Cracks 

A  contingency  test  indicates  that  one  can  be  about  907o 
confident  that  the  proportion  of  cracked  fastener  holes  is  larger 
on  the  H-F  end  than  on  the  A-M  end.  The  contingency  table  and 
test  are  set  up  as  follows  with  all  four  specimens  included: 


CRACKED 

HOLES 

NOT  CRACKED 
HOLES 

TOTAL 

H-F 

23 

49 

72 

A-M 

16 

56 

72 

TOTAL 

39 

105 

144 

The  test  static  is  T-1.723  which  is  referred  to  the  x2  distribution. 
The  result  is  that  one  would  expect  a  value  of  T  as  large  or  larger 
than  1.723  in  only  about  10%  of  the  cases  if  the  proportions  were 
the  same.  Hence,  one  can  be  about  90%  confident  that  a  difference 

exists  in  the  proportion. 
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A  Smirnov  test  is  appropriate  to  compare  the  two  sets  of 
crack  location  (A-M  and  H-F)  data.  The  result  is  little  evidence 
of  any  difference  in  where  the  cracks  occur  along  the  beam,  com¬ 
paring  the  as-machined  and  hand- finished  ends.  Disregarding  the 
surface  finish  (A-M  or  H-F)  of  the  beams,  a  x2  test  indicates 
little  or  no  evidence  that  cracks  are  likely  to  occur  other  than 
randomly  across  the  beam.  k 

Of  the  A  critical  cracks  allowed  to  grow  to  failure,  3 
occurred  on  the  H-F  end.  A  binomial  test  indicates  some 
evidence  that  the  probability  of  beam  failure  is  larger  on  the 
H-F  end.  If  both  ends  of  the  beam  were  equally  likely  to  fail, 
the  probability  of  failure  on  the  H-F  end  would  be  0.5.  But 
since  3  of  the  A  failures  occurred  on  the  H-F  end,  the  point 
estimate  is  0.75  for  the  probability  of  failure  on  the  H-F  end. 

This  is  an  estimate  and  is  subject  to  variability,  but  one  can  be 
about  697,  confident  that  the  probability  of  failure  on  the  H-F 
end  is  larger  than  on  the  A-M  end  of  the  beam.  It  is  to  be 
noted  that  the  small  sample  size  makes  it  difficult  to  discern 
differences  at  high  confidence  levels.  If  the  3  to  1  ratio  held 
it  would  require  about  20  specimens  to  be  957,  confident  that  the 
probability  of  failure  on  the  H-F  end  is  greater  than  on  the 
A-M  end. 

2.2.2  Effect  of  .Surface  Finish  on  Surface  Roughness 

Surface  roughness  measurements  were  taken  throughout  the 
length  of  the  specimens  and  are  shown  according  to  the  position 
on  each  beam  in  Table  H-IV.  The  average  roughness  on  the  H-F 
ends  is  16.9/1  (in.)  AA,  while  the  average  roughness  on  the  A-M 
ends  is  SA.l/i^n.)  AA.  Since  the  average  roughnesses  differ  by 
so  much  relative  to  the  variability  observed  within  the  two  groups 
(A-M  and  H-F),  one  can  be  more  than  99.97,  confident  that  the  A-M 
surfaces  are  rougher  than  H-F  surfaces  for  the  type  of  I-beam  that 
this  data  represents.  There  is  no  indication  of  a  trend  in  rough¬ 
ness  by  position  along  the  beams. 

The  mean  roughness  at  the  failure  sites  on  the  A-M  ends  is 
70.0,  compared  to  the  overall  average  roughness  on  the  A-M  ends 
of  5A.1.  The  difference  is  not  large  enough  to  be  statistically 
significant.  On  the  H-F  ends  the  mean  roughness  at  failure  sites 
is  17.33,  compared  to  the  overall  mean  roughness  on  the  H-F  ends 
of  16.9.  This  difference  is  also  not  large  enough  to  be  statis¬ 
tically  significant. 
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2.2.3  Effect  of  Surface  Finish  on  Fatigue  Life 

No  relationship  between  fatigue  life  and  surface  finish  can 
be  established  from  the  data,  regardless  of  whether  the  magnitudes 
of  the  lives  are  used  or  simply  the  ranks  of  the  lives  are  used. 


2.3  Titanium  I-Beams 

2.3.1  Effect  of  Surface  Finish  on  Fatigue  Cracks 


fhere  were  7  cracks  observed  on  the  as-machined  surfaces 
and  5  discovered  on  the  hand-finished  surfaces.  The  cracks 
responsible  for  failure  were  evenly  divided,  3  on  the  A-M  ends 
and  3  on  the  H-F  ends.  There  is,  therefore,  little  or  no  evi¬ 
dence  to  indicate  that  fatigue  cracks  are  more  likely  to  occur 
on  either  the  A-M  or  H-F  ends. 

Most  of  the  critical  cracks  occurred  in  position  #1,  with 
only  one  failure  (A-M  end)  occurring  elsewhere.  Therefore  it  is 
concluded  that  there  is  no  evidence  to  Indicate  that  hand- finish¬ 
ing  changes  the  location  of  failures  across  the  beams.  A  X  test 
indicates  99.9%  confidence  that  the  cracks  are  not  occurring  at 
random  across  the  beams.  The  stress  concentration  associated 
with  position  #1  is  1.35  as  compared  to  1.10  for  all  other  loca¬ 
tions.  Position  #1  accomodates  load  transition  from  the  loading 
lug  into  the  basic  beam  section. 

2.3.2  Effect  of  Surface  Finish  on  Surface  Roughness 

Surface  roughness  measurements  were  taken  throughout  the 
length  of  the  specimens  and  are  shown  according  to  position  on 
each  beam  in  Table  H-V.  The  average  roughness  on  the  H-F  ends 
is  36.0  ft  (in.)  AA,  while  the  average  roughness  on  the  A-M  ends 
is  52.3  u(in.)  AA.  Since  the  average  roughnesses  differ  by  so 
much  relative  to  the  variability  observed  within  these  two  groups, 
one  can  be  more  than  99.9%  confident  that  A-M  surfaces  are  rougher 
than  H-F  surfaces  for  tV.e  type  of  I-beam  that  this  data  represents. 
There  is  no  indication  of  a  trend  in  roughness  by  position  along 
the  beams. 

The  mean  roughness  at  the  three  failure  sites  on  the  A-M  ends 
is  57.33,  compared  to  the  overall  mean  roughness  of  52.3.  The  mean 
roughness  of  the  three  failure  sites  on  the  H-F  ends  is  45.67,  as 
compared  to  the  overall  mean  roughness  of  36.0.  The  difference  in 
roughness  on  the  A-M  ends  is  not  large  enough  to  be  statistically 
significant,  but  the  difference  in  roughness  on  the  H-F  ends  is 
large  enough  to  be  statistically  significant  at  90%  confidence  level. 
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l.k  Notch  Sensitivity  Evaluation 

The  fatigue  notch  sensitivity  factor  (q)  is  an  indication  of 
the  severity  of  tlie  fatigue  condition  as  explained  in  Appendix  G. 
The  higher  the  value  of  q  the  more  severe  is  the  condition.  The 
fatigue  notch  sensitivity  factors  arc  listed  in  Tid>lc  H-II. 


2.^.1  Aluminum  I-Beams 

The  correlation  between  surface  finish  (A-M  vs.  H-F)  and 
the  fatigue  notch  sensitivity  at  failure  is  P“.272.  This  coire- 
lation  is  weak  and  is  not  statistically  significant. 

The  correlation  between  surface  roughness  at  failure  sites 
and  fatigue  notch  sensitivity  at  failure  sites  is  -.076.  The 
correlation  is  very  weak  and  is  not  statistically  significant. 

Several  comparisons  of  fatigue  notch  sensitivity  between 
surface  finish  groups  (A-M  or  H-F)  are  appropriate.  For  speci¬ 
mens  with  a  stress  concentration  (Kj)  of  1.1,  the  difference  in 
notch  sensitivity  at  failure  is  between  -.3941  and  .2119  with 
907o  confidence.  For  specimens  with  a  Kt  of  2.80  (beams  with 
fastener  holes),  the  difference  in  notch  sensitivity  at  failure 
is  between  -.1208  and  .4852  with  90%  confidence.  No  comparison 
can  be  made  for  specimens  with  a  Kt  of  1.35  since  all  failures 
occurred  in  the  A-M  surfaces.  Combining  all  the  aluminum  data, 
the  difference  in  notch  sensitivity  at  failure  is  between  -.0999 
and  .2389  with  90%  confidence.  None  of  the  above  comparisons 
of  notch  sensitivity  between  surface  finish  groups  is  statistically 
significant.  Therefore  it  cannot  be  determined  that  either  sur¬ 
face  finish  condition  is  more  critical  than  the  other. 


2.4.2  Titanium  I-Beams 


The  correlation  between  fatigue  notch  sensitivity  at  failure 
and  surface  finish  condition  (A-M  or  H-F)  is  r«.501.  This  value 
is  not  large  enough  to  be  statistically  significant. 


The  correlation  between  fatigue  notch  sensitivity  at  failure 
and  measured  surface  roughness  is  r=-.63.  The  value  is  not 
enough  to  be  significant  at  90%  confidence  level  but  is  signlfl- 
cant^at  80%  confidence  level.  The  value  of  the  correlation  becoming 
increasingly  negative  means  that  as  the  surface  roughness  increases, 
the  fatigue  notch  sensitivity  decreases. 
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Two  other  comparisons  of  fatigue  notch  sensitivity  between 
surface  finish  groups  (A-M  vs.  H-F)  can  be  made.  For  specimens 
with  a  stress  concentration  (Kt)  of  1-35.  the  difference  in  the 
notch  sensitivity  is  between  -.0106  and  .0336  with  90/o  confidence. 
No  comparison  can  be  made  for  the  Kt  of  1.10  since  only  one  speci¬ 
men  had  this  concentration.  Combining  all  the  titanium  data,  the 
difference  is  -.0110  and  .0286  with  90%  confidence.  None  of  the 
above  differences  are  large  enough  to  bo  statistically  significant. 
Therefore  it  cannot  be  determined  that  either  surface  finish  con¬ 


dition  is  more  critical  than  the  other. 
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APPENDIX  I 


SURFACE  ROUGHNESS  REQUIREMENTS 


1.0  SURFACE  ROUGHNESS  REQUIREMENTS  AND  DEFINITIONS 

The  method  of  constructing  airframe  structural  components 
such  as  spars,  bulkheads,  longerons,  beams,  etc.  has  changed 
from  built-up  sheet  metal  and  extrusions  to  monolithic  structure 
sculptured  from  thick  plate;  therefore,  the  amount  of  machined 
surfaces  in  an  airplane  has  increased  tremendously.  Numerically 
controlled  milling  machines  are  used  extensively  to  cut  the  flat 
surfaces  forming  the  webs  with  the  end  of  an  end  mill  and  the 
outstanding  flanges  are  formed  with  the  side  of  the  end  mill. 
These  structural  parts  are  subject  to  cyclic  loading,  and  if  they 
are  designed  efficiently,  they  must  be  termed  "fatigue  critical." 

Machining  and  inspecting  these  fatigue  critical  parts  was 
becoming  a  problem  in  the  B-58  airplane,  but  the  F-111  airplane 
focused  attention  on  the  problem.  The  initial  Air  Force  require¬ 
ments  for  the  F-111  airplane  required  that  all  "fatigue  critical" 
machined  surfaces  be  finished  to  a  63  or  less  microinch  average 
roughness  height  per  MIL-STD-lOA*.  At  the  same  time,  more 
numerically  controlled  mills  were  being  used  to  form  one-piece 
components;  this  made  the  surface  finish  requirement  costly. 

After  negotiation,  the  specification  was  modified  to  allow  a 
125  microinch  average  roughness  height  on  fatigue  critical  parts 
that  were  subsequently  shot  peened. 

In  1969  the  AFSC  Design  Handbook  was  issued  stating  these 
same  finish  requirements.  The  1970  version  added  that  surfaces 
should  be  free  of  defects,  as  follows: 

"4.  Surface  Roughness 

In  predicting  useful  life,  consider  surface 
roughness  of  individual  components  that  are 
subject  to  repeated  stresses,  the  tension 
component  of  which  is  50%  of  the  material 


*MIL-STD-10A  prepared  from  ASA-B46. 1-1955 
MIL-STD-lOA  superceded  by  ASA  B46. 1-1962 
ASA  B46.1  designation  changed  to  USAS  B46. 1-1962 
USAS  B46.1  designation  changed  to  ANSI  B46. 1-1962 
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specification  minimum  yield  strength  or 
higher,  using  applicable  stress  concentra¬ 
tion  factors.  Those  components  considered 
to  be  critical  in  fatigue  must  have  a  surface 
roughness  not  to  exceed  63  AA  (arithmetical 
average)  as  defined  by  ANSI  B46.1  or  must  be 
shot  peened,  with  a  surface  roughness  prior 
to  peening  not  to  exceed  125  AA.  Surface 
should  be  free  of  defects  such  as  gouges, 
tool  marks,  scratches,  or  similar  surface 
imperfections." 

This  paragraph  remains  unchanged  in  the  April  1975  edition 
of  the  AFSC  Design  Handbook: 

Surface  roughness  is  evaluated  per  ANSI  B46.1  in  terms  of  an 
arithmetical  average  height.  The  average  roughness  Includes  only 
the  surface  topology  generated  by  the  cutting  tool. 

The  following  paragraphs  from  ANSI  B46.1  should  be  considered 
when  discussing  surface  roughness. 

Paragraph  2.6  "Roughness .  Roughness  consists  of  the 
finer  irregularities  in  the  surface 
texture  usually  including  those  irregu¬ 
larities  which  result  from  the  inherent 
action  of  the  production  process.  These 
are  considered  to  include  traverse  feed 
marks  and  other  irregularities  within 
the  limits  of  the  roughness -width  cutoff. 

Paragraph  2.9  "Flaws .  Flaws  are  irregularities  which 
occur  at  one  place  or  at  relatively  in¬ 
frequent  or  widely  varying  intervals  in 
a  surface.  Flaws  include  such  defects 
as  cracks,  blow  holes,  checks,  ridges, 
scratches,  etc.  Unless  otherwise  speci¬ 
fied,  the  effect  of  flaws  shall  not  be 
Included  in  the  roughness  height  measure¬ 
ments." 

Paragraph  D-4  "Working  surfaces  such  as  bearings, 

pistons,  and  gears  are  typical  of  sur¬ 
faces  for  which  optimum  performance 
may  require  control  of  the  surface 
characteristics  in  accordance  with  the 
procedure  outlined  in  the  foregoing 
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standard.  Nonworking  surfaces  such  as 
the  walls  of  transmission  cases,  crank 
cases,  or  differential  housing  seldom 
require  any  surface  control  such  as 
that  with  which  this  standard  is  con¬ 
cerned,  the  only  exceptions  in  these 
instances  being  restrictions  that  may 
be  necessary  for  process  control  and 
finish  required  for  sake  of  appearance. 


2.0  INTERPRETATION  OF  ROUGHNESS  READINGS 


Arithmetic  average  roughness  height  rating  per  ANSI  B46.1 
cannot  be  used  as  a  criterion  for  measuring  the  resistance  of  a 
part  to  Lague  falluro.  To  llluatrato  this,  consldet  a  surface 
cenerated  by  the  side  of  an  end  mill.  If  aluminum  alloy  is  bci  g 
fu^  it  is  LonLlcsl  to  increase  the  machining  feed  rate  to  the 
extent  that  a  fluted  surface  will  result  as  shown  in  the  exagger 
ated  sketch  below. 


The  radius  of  the  notch  is  large  and  is,  in  effect,  the 
radius  of  the  cutter.  Theoretical  and  photoelastic  stress  analy¬ 
sis  show  that  the  large  radius  causes  a  low  stress  concentration 
and  that  the  peaks  ha$e  little  or  no  influence  on  the  stress  at 
the  bottom  of  the  notch.  In  other  words, 

the  peaks  will  change  the  roughness  height  rating  but  it  will  not 
alter  the  stress  at  the  bottom  of  the  notch. 

Now,  consider  the  surface  finish  pattern  to  be  an  exact 
inversion  of  the  previous  pattern. 


The  arithmetic  average  roughness  height  rating  is  exactly 
the  same  as  that  for  the  surface  shevn  previously.  However,  the 
notch  has  a  sharp  root  radius  that  results  in  a  high  stress  con¬ 
centration  factor.  Fatigue  cracks  originate  at  the  points  o 
highest  stress.  The  high  stress  concentration  caused  hy  the 
sharp  notch  will  lower  the  fatigue  life  much  below  the  C^'tigue 
life  for  the  rounded  notch  shown  in  the  first  i llustiation.  lus , 
a  wide  range  of  surface  profiles  can  have  a  wide  range  of  stress 
concentration  and  resulting  fatigue  lives  even  though  the  aiith 
metic  average  roughness  height  rating  is  identical. 


3.0  GENERAL  DYNAMICS  CORPORATE  SPONSORED  RESEARCH  ON  ROUGHNESS 

Actual  Lest  data  confirms  that  there  is  little  or  no  corie- 
lation  of  fatigue  life  with  arithmetic  average  roughness  height 
rating.  Studies  conducted  at  General  Dynamics  Fort  Worth  Division 
bv  0.  N.  Thompson  on  aluminum  alloys  and  steel  demonstrate  this 
point.  Uniaxial  flat  fatigue  test  specimens  (dog  bones)  were 
machined  and  tested  to  failure  in  tension-tension  cyclic  loading. 
Specimens  cut  from  0. 125-inch-thlck  aluminum  alloy  were  machii  ed 
on  one  side  only  with  the  side  of  an  end  mill.  The  as-rolled 
plate  v.as  used  as  a  reference  for  comparison.  This  finish  is 
representative  of  the  finish  generated  by  an  end  mill  cieating 
an  outstanding  leg  while  pocket  milling.  The  roughness  was 
varied  over  a  wide  range  by  controlling  the  teed  rate,  Ihc  le.v  . 
of  the  test  conducted  at  zero  moan  stress  are  sho^^m  in  Figuie  -  . 
Likewise,  the  results  obtained  when  the  stress  was  cycled  about  ^ 
20,000  pounds  per  square  inch  mean  stress  are  shown  in  liguie  i-*.. 

The  curves  shown  are  median  curves  through  the  data  points. 
There  is  no  definite  trend  separating  the  various  finishes 
according  to  their  arithmetic  average  roughness  height  rating. 

Fatigue  life  of  specimens  machined  and  then  shot  peened 
appeared  to  be  improved  in  the  10^  to  10^  cycle  range,  but  shot 
peening  lowered  the  endurance  limit  as  shown  in  Figuie  I-*.. 

Note  the  dotted  Kt  =  3  curve.  This  curve  represents  the 
fatigue  life  when  a  hole  is  drilled  into  a  part.  Almost  every 
part  has  holes  that  are  used  to  attach  it  to  adjacent  structure 
The  fatigue  life  variations  caused  by  variations  in  surface  fin 
ish  are  insignificant  when  they  are  compared  to  the  amount  of 
fatigue  life  loss  caused  by  an  ordinary  fastener  hole. 
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The  end  of  an  end  mill  was  used 

r^'Tlirpirtr  1S:sf:p«?ren.“«pr  se;t  th;'tlnlsh  obtained 

Sf‘rn-  ln«r«liratl£fened'’b«lhhead  c«-ed^^^y^pochet 

“iecimlns  ^^"d't'Lro  mers'trL:  IZ  1.  Figure  I-A  for  sped- 
mens  tested  at  20,000  psi  mean  stress.  The  conclusions  drawn 
“o^  Zlsl  sZ  cS^ve.  ?or  finished  created  bf  ‘he  end^  an  end 
mill  agree  with  the  conclusions  drawn  from  the  S-N  curves  for 
finishes  created  by  the  side  of  an  end  mill. 

4.0  METCUT  RESEARCH  ASSOCIATES  TEST  DATA 

nr  Wm  P  Roster  of  Metcut  Research  Associates,  of 

milliSrwUh  the  end  of  an  end  mill  on  7075.T7351  aluminum  and 

anieiJd  6A1-4V  titanium.  On  SJ^H^ion  of 

between  surface  finish  or  measured  ^^o^f^ness  in  the  direction  or 

titanium  appears  to  have  a  sensitivity  to  lay  direction. 

5.0  RELAXED  TOLERANCE  CONCEPTS  PROGRAM  IMPLEMENTATION 

The  early  tests  on  tension  coupons  described  in 
3  0  the  Metcut  Research  data,  of  paragraph  4.0,  and  the  RTC 
T  hiam  tests  described  in  Appendices  F  and  G  were  conclusive 
Lldence  to  F-16  Engineering  that  the  roughnees  requirements  on 
milled  aluminum  could  be  substantially  relaxed. 

As  a  result,  the  inspection  standard  for  machined  parts  was 
revises  Sy  R?C  program  personnel  to  delete  all 
engineering/inspection  requirements  for  aluminum  on  all  surf 
n?  i«?lled  or  routed  parts,  except  for  contact  surfaces.  For 
oontict  surfaces,  wave  height  and  width  requirements  were  also 
Solated  At  preient  it  is  required  only  that  contact  surfaces 
u  *  t-han  125  AA  roughness  and  0.003  inches  mismatch, 

sn'ot^riurfaces  have  no”oSgSne.s  limit  and  a  mismatch  limit 

tiierorthfpt^Cus  dlmen^fonal  tolerance^  ”  Tr"** 

are  limited  in  radius  to  prevent  notch  effects.  Figure 
illustrates  the  revised  requirements. 
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FIGURE  1-2  FATIGUE  TEST  OF  7075-T6  ALUMINUM  ALLOY  CUT  WITH 

SIDE  OF  END  MILL  AT  MEAN  STRESS  OF  20  KSI 
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FIGURE  1-4  FATIGUE  TEST  OF  7079-T651  ALUMINUM  ALLOY  CUT  WITH 

END  OF  END  MILL  AT  MEAN  STRESS  OF  20  KSI 
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THE  TERM  "CORNER"  IS  USED  HEREIN  TO  OESCRIM’  THE  FIll.ET  AT  THE  INTERSECTION  OF  TWO  SURFACFS 
CRIATED  RY  THE  S I UE  OF  THE  END-MILL.  WHERE  A  THIRI)  SUREACL  ItCTERSKCTS,  SUCH  AS  A  WI.R.  THE  TERM 
"CilRNliR"  IS  Aisi)  U.sVd  TO  INCLUDE  THE  SUREACE  CKIAIED  RY  THK  Rorro.M  OE  THAT  F.ND-Mll.l.  IN  THE  AREA 
or  TIIVT  INTERSECTION. 

HAND  FINISHING  SlUl.L  NOT  RE  TERFOIOO’D  FOR  "COSFfl’.TIC  REASONS. " 

ALL  METAL  REMOVAL  OTEKATIONS  TRIOR  TO  TANll- FINISHING  MUST  CLFAHIY  HE  DESIGNED  TO  TRODUCK  AN 
ACCURATE  RETRE.SFNrAIION  OE  THE  ENGINEERING  DRAWING,  I  ,  THK  REIAVATIONS  A1  LlVIID  HEREIN  MAY  NOT 
RK  ARUSEll.  SUCH  ABUSE  IS  BASIS  FOR  REJEICTION  RY  IJUALITY  ASSURANCE  ANU  CUSTOMER. 

INSTKTION  .SlUIJ  HE  BASED  ON  DIMFNSIONS  KNClHINl  EKED  AITF.R  MACHINING  ANO  H \N0- F I N ISH  I NG ,  PRIOR  TO 
SUDSFOUENT  KIOUIKEO  OTEK.\rlONS.  ENGINEERING  IAS  CONSIDERED  THE  EFFECT  OF  SUCH  OTEKATIONS  ON 
blMIN’ilONS.  CLOSE  TOLERANCE  ARIAS  ARE  TROTIl-rED  FROM  DlWlNi;  lOtCM.  CIANGE  RY  NUTS- 1 101. 


TYpr.  I 

T, - lYFE  I  SURFACES  ARE  DIVINED  AS  SURl’ACES  IN  CRITICAL  STKFSS  AREAS  OR  SURFACES  CONTACTINi.  ANY  AU- 

JACFNI  TARTS.  TYTE  1  SURTACIS  ANO  TEHMISSIRIE  SUREACE  FINISH  1  1MIJS..AKK  SIMV'I^I_N_IM_5,^E_I. 

o  TYPE  1  SURI'ACES  SHALL  NlTT  EXCLIU  17Y  MICRO- INCHES  AA .  ROUGHNESS  EXCEEDING  THIS  AMOUNT  SIAl.L  HI. 
HAND  FINISHED  TO  MEET  Till'.  RKIJUIRKI)  FINISH.  SEE  FIGURE  1. 

0  AU.  TYPE  1  SUREACES  SIWLl.  BE  PESIGNATEU  ON  FHE  FACE.  PE  THE  ENGINEI  RING 
drawing.  SURI'ACES  NOT  UESIGNATEP  AS  TYTE.  1  ARE  TO  HE  CONSIUERI.D  AS 
TYTE  II. 
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TVM  T1  SURFACCS  AR£  DCFirCD  AS  ALL  PIACHINtD  wcoa* 

*K  NON-ATTACHINfi  SUKFACES.  TYPE  II  SURFACES  AND  PEMilSSlBlX  SURFACE  ***  *'’®™ 

l^rlluK^  L^I^»1NC  CALL  FOR  TYPE  II  ON  NON-CRITICAL  ATTACWCIf.  SURFACES. 

TYPE  II  SURFACES  REQUIRE  A  VISUAL  INSPECTION  ONLY, 

HAND  FINISHING  S)U1L  NOT  BE  PERFOIW.D  TO  CONTROL  THE  SURFACE  ROUCHWSS  REGARMfSS  OP  TNE  MACHIK. 
INDUCED  SURFACE  CONDITION  EXCEPT  AS  NOTED  BELOM. 

(.)  CHATTER  MARKS  SHALL  BE  REMOVED  BY  HAND  FINISHING  SO  AS  TO  WET  THE  125  MICRO- INCH  A-A 
FINISH  SPECIFIED  IN  FIGURE.  1.  DETAIL  C,  SECTION  D-D  AND  DETAIL  E. 

(b)  DAMAGE  DUE  TO  CUTTER  FAILURE.  ENTRAPPED  CHIPS  OR  OTHER 

INSPECTION,  SHALL  BE  REWORKED  BY  HAND  FINISHING  TO  A  CONDITION  EQUAL  TO  OR  BETTER 
THAN  THE  ADJACENT  SURFACE  ROUGHNESS. 

SURFACES  NOT  DESIGNATED  AS  TYPE  I  ARE  TO  BE  CONSIDERED  TYPE  II. 
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TYPE  III 


TYPE  III  SURFACE  MISMATCHES  ARE  PERMITTED  IN  CRITICAL  STRESS  AND  ATTAWHENr  AREAS. 

HAHI  FtNISHIHC  IS  NOT  REQUIRED  TO  ELIMINATE  MISMATCHES  THAT  ARE  WITHIN  THE  LtMITS  OF 
m  in  wJISTi^ElnHSH  IN  FIGURES  2  THRU  J.  AS  EXPLAINED  SELOW: 

(•)  FIGURE  2  DEFINES  THE  PERMISSISU  MISMATCH  THAT  USULTS  FROM  OWERUPPINO  MACHINE 
COTS. 

(M  FIGURES  3.  A  AND  i  DEFINE  THE  PERMISSISU:  MISMATCH  THAT  RESULTS  FROM  MACHINING 
WITH  THE  SIDE  OF  AH  END-HILL. 

<•>  L"tK.ss“..r.‘rir5;s? 

<«  S  S?S,S  "" 

ENCIHEERING  DRAWING  FILLET  RADIUS  REQUIREIENT. 

ENO-OF-COTTER  RADIUS  mERSEOTlON  POINTS  THAT  EJCTEND  INTO  WEB,  AS  IN  FIG.  7,  SHALL  U  BUNDED 
INTO  WEB  SY  HAND  FINISHING. 
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TYPl  IV  SURFACE  HISMATCHES  ARE  PERMITTED  IH  WON-CRITICAL  STRESS  AREAS  AND  mW- ATTACH  ME  NT  AREAS 
ONLY.  UNUSS  ENCINEERIMC  CALLS  FOR  TYI-E  IV  IN  AlTACimtNI  AREAS. 

HAND  riMISHINC  SHALL  WOT  BE  PERFORMED  TO  ELIMINATE  TYPE  IV  MISMATCHES. 

TYPE  IV  MISMATCH  CONDITIONS  AND  LIMITS  SHALL  BE  THE  SAPt  AS  TYPE  III  EXCEPT  AS  SHEWN  IN  FIGURES 
2.  4,  7  AND  8,  AND  AS  EXPLAINED  BELCH; 

(a)  FIGURE  2  DEFINES  PERMISSIBLE  MISMATCH  FOR  TYPE  IV  ALONG  HEBS,  STIFFENERS  AND  FLANGES 
PROVIDED  THE  TOTAL  THICKNESS  IS  WITHIN  ENGINEERING  DRAWING  TOLERANCE. 

(b)  MISMATCHES  IN  CORNERS  THAT  EXCEED  ENGINEERING  DRAWING  TOLERANCE  ON  THE  PLUS  SIDE  SHALL 
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ENGINEERING  DRAWING  .-OLERANCE  REQUIREMENIS  EXCEPT  AS  NOTED  BEL(W  AMD  IN  FIGURE  8. 
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4T  ANCtJS  OF  60"  OR  LESS  FIGURE  4  ILLUSTRATES  A  SURFACE  OF  UP  TO  0.09  INCH  MAXIMUH  BETWEEN 
CUTTER  CENTERLINES  WHICh'iS  PER.MISSUIE  WITHOUT 

FLANGE/STIFFEKER  UNDERCUTTING  DUE  TO  CUTTER  VIBRATION  WHEN  THE  CUTTER  IS  DWELLING. 
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I  t/  DENOTES  SURFACES  PER  MOOI .  TYPE  I  &  MISMATCH  PER  MOOl.  TYPE  III.  AU  OTHER  SURFACES 
PER  MOOl  TYPE  11  &  MISMATCH  PER  MOOl,  TYPE  IV. 

2.  RADII  BLENDS  SHAU  BE  PER  MOOl,  TYPE  V. 

3.  ALL  SURFACES  PER  MOOl  TYPE  11  AND  MISMATCH  PER  MOOl  TYPE  IV. 


NOTE  TO  DESIGNERS 
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TOLERANCES; 
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fNClNEmNO'  DRAWING  SPECIFIES  THAT  M,\CHINED  SURFACES  ARE  TO  BE  IN  ACCORDANCE  WITH  MOOl.  TYPE 
AND/OR  TYPE  II. 


VARIATIONS  IN  THE  THICKNESS  TOIERANCES 
WILL  APPLY  WHEN  THREE  PIACE  DIMENSIONS 
THE  GENERAL  TOLERANCE  BLOCK,  ARE  SHOWN 


FOR  WEBS.  FLANGES.  STIFFENERS,  ETC.  AS  SHCWN  IN  FIGURE  9 
(.KXX)  WITH  NO  TOLERANCE,  OTHER  THAN  THAT  SPECIFIED  IN 
ON  THE  FACE  OF  THE  DRAWING. 
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APPENDIX  J 


STIFFENER  MACHINING  TESTS 


The  purpose  of  the  stiffener  machining  test  program  was  to 
explore  the  potential  for  increasing  metal  removal  rates  on 
aluminum  and  titanium  by  combining  rough  and  finish  milling 
radial  cuts.  Despite  apparent  success  in  showing  achievable 
higher  metal  removal  rates,  the  combined  rough/finish  machining 
approach  described  below  was  abandoned  during  the  NC  testing  of 
Appendix  K  in  favor  of  the  conventional,  separate  rough  and 
finish  machining.  The  stiffener  tests  did  not  adequately  repre¬ 
sent  the  realities  of  NC  operation.  The  sacrifice  in  this 
decision  was  small,  as  can  be  seen  in  Appendix  K. 


1.0  TEST  RATIONAL  AND  APPROACH 

If  conventional  machining  roughness  requirements  are  relaxed 
or  eliminated  and  if  design  proportions  of  pockets,  i.e,,  web 
width/thickness  ratios,  are  controlled,  stiffeners  and  flanges 
become  the  critical  machining  elements  due  to  the  cantilever 
flexibility  of  the  end-mill  and  of  the  stiffener. 

The  potential  source  of  cost  savings  was  considered  to  be 
in  the  finish  machining  which  constitutes  roughly  507o  or  more  of 
the  machine  time  for  removal  of  l-27o  of  the  material.  By  using 
the  rough  cutter  full  size  (limited  size  reduction  due  to  re¬ 
sharpening)  and  making  a  substantial  radial  cut  during  the  finish 
machining,  the  total  machining  time  could  be  substantially  reduced. 

The  question  that  the  stiffener  tests  tried  to  answer  was 
would  such  programming  and  machining  produce  dimensionally 
acceptable  parts,  and,  if  so,  at  what  metal  removal  rates?  The 
answer  to  this  question  was  obtained  from  data  resulting  from 
machining  of  1.0  and  1.5  inch  high  stiffeners  (or  flanges)  of 
.100  inch  nominal  thickness  out  of  2124-T851  aluminum  alloy  and 
6A1-4V  beta  annealed  titanium.  Feed  rates  were  increased  up  to 
70  inches  per  minute  in  aluminum  and  up  to  15^i;  inches  per  minute 
in  titanium. 
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2.0  Oin'MNMKNT  AND  TUKATNKNT  OT  DATA 


Dinionsionnl  accuracy  and  .mirfaco  roughness  data  was  ol.iaincd 
from  51  aluminum  and  8  titanium  stiffener  .specimens  l.y  varying 
the  following  machining  parameters; 


a.  Diameter  of  Cutter 
h.  l.ength  of  axial  cut 

c.  Length  of  radial  cut 

d.  Cutter  rotational  speed 

e.  Cutter  feed  rate 

Results  and  analysis  of  the  stiffener  machining  tests  are  prc 
sented  in  the  following  paragraphs. 


2.1  Aluminum  Specimens 

Each  specimen  consistcil  of  four  stllleneis,  with  ea'ii  stil 
fcner  being  machined  at  a  different  feed  rate.  Vigures  I 

T-3  show  typical  specimens  in  various  stages  ot  progress.  1  guie 
J-4  depicts  a  matrix  of  all  aluminum  test  specimens  related  to 
depth  of  cut,  radial  cut,  and  cutter  diameter.  Ihls  Liguie  pii- 
vider,  a  quick  cross-reference  Cor  finding  the  various  machining 
parameters  and  combinations  thereof  that 

?he  information  of  Table  .1-1  compares  the  t-nl  rate.s  (l-'  ^ 

for  different  diameter  cutters  as  used  in  the  stlfUiui  i  ^  ' 

the  values  recommended  by  industry  standards  for  machining  aluminum, 

Numerical  results  of  the  aluminum  machining  tests,  thickness 
dimensions  and  surface  roughness,  are  organii^.ed  and  presented  in 
Table  J-II.  Radial  cut,  cutter  diameter,  flute  length,  numh. i  i i 
flutes,  axial  cut,  feed  rate  and  location  of  measurement  ^  ‘  ^ 
listed  for  each  test.  Figure  J-5  is  a  graphical 
of  the  thickness  measurements  of  the  aluminum  tests  " 
of  nominal  dimension  deviations  versus  feed  “  1 

vides  a  quantitative  visual  indication  of  machining  accuiaev 
a  particular  set  of  machining  conditions. 

The  Information  ot  Table  J-lII  Is  a  rearranBom.au  of  that 
nreaonted  In  Table  J-II  but  Includes  a  calculation  ot  metal 
Removal  rate  and  a  qualitative  vanklnB  of  dimensional  act ui.ic> 

Tt  stiffener  thicknesses.  The  acceptability  of  tbe  thickness 
measurements  at  each  feed  rate  tor  every  test  is  rated  as. 
acceptable,  minor  rework  required,  finish  cut  rcqmio  ,  oi 
unacceptab  e.  The  rankings  of  Table  J-III  are  assembled  foi 
rcrcStter  si.c)  graphically  on  feed  rate  limit  charts,  Hgu.os 
J-6  thru  J-10.  The  five  figures  provide  maximum  finish  machining 
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feed  rates  for  any  given  area  of  cut  (up  to  1.0  square  inch) 
concurrent  with  dimensional  tolerances  of  +0.015,  -0.010  inches. 
(Area  of  cut  is  defined  as  the  radial  cut  dimension  multiplied 
by  the  axial  cut  dimension.)  The  dashed  line  on  each  figure  e- 
fines  the  recommended  safe  rough  machining  metal  removal  rate 
derived  in  the  NC  programmed  development  phase.  Flute  length 
was  limited  to  2.00  inches  (except  for  the  1.50  inch  diameter 
cutter  with  2.25  inch  flute  length). 


2.2  Titanium  Specimens 

The  titanium  specimens  are  similar  to  the  aluminum  specimens, 
but  consist  of  only  three  stiffeners.  Like  the  aluminum  specimens, 
each  stiffener  was  machined  at  a  different  feed  rate.  Figure  J-ll 
presep-ts  a  matrix  of  all  titanium  specimens  related  to  depth  of 
cut,  radial  cut,  and  cutter  diameter. 

Numerical  results  of  the  titanium  machining  tests,  thickness 
dimensions  and  surface  roughness,  are  organized  and  presented  in 
Table  J-IV.  No  analysis  of  dimensional  quality  nor  development  ot 
recommended  maximum  finish  machine  rates  were  accomplished  for  the 
titanium  tests,  as  the  majority  of  effort  was  concentrated  on 
machining  of  aluminum. 


3.0  SURFACE  EFFECTS  ANALYSIS 

Dramatic  increases  in  machining  rates  raised  questions  as 
to  effects  on  finish  surface  quality  and  the  capability  of  the 
current  in-house  etch  process  to  remove  all  "smeared  material 
in  preparation  for  penetrant  inspection.  To  answer  such  questions, 
the  following  study  was  performed. 


3 . 1  Background 

The  Military  specification  (MIL-I-6866B)  governing  the  pene¬ 
trant  inspection  process  requires  that  soft  metals,  previously 
machined,  be  etched  prior  to  inspection.  This  requirement  was 
incorporated  into  General  Dynamics  Non-Destructive  Test  Standard 
(NDTS)  1101,  Penetrant  Inspection,  dated  27  June  1975.  The  basis 
for  this  requirement  is  to  remove  the  smeared  metal  on  the  sur¬ 
face  of  machined  parts  so  that  cracks  or  other  defects  will  not 
be  obscured  to  the  inspection  process. 
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At  the  time  of  writing  NDTS  1101,  no  data  was  available  on 
the  depth  of  etch  necessary;  however,  on  the  basis  of  other 
specifications  and  reports  in  the  aerospace  industry,  a  value  of 
0.0005"  from  each  surface  was  used. 


3.2  Objective 

The  objective  of  this  analysis  was  to  measure  the  depth  of 
smeared  metal  on  aluminum  and  titanium  machined  (milled)  surfaces 
and  to  determine  the  effect  of  abusive  machining  practices  on  the 
smeared  layer. 


3.3  Procedure  and  Results 

Two  titanium  and  two  aluminum  machined  (milled)  stiffener 
specimens  were  obtained  for  this  investigation.  The  machining 
parameters  which  were  used  on  these  specimens  are  shown  in 
Table  J-V. 

As  a  check  for  possible  overheating  caused  by  machining  at 
the  high  feed  rates,  conductivity  was  measured  on  the  aluminum 
specimens.  No  difference  in  conductivity,  as  compared  to  the 
base  metal,  was  found  in  stiffeners  machined  at  various  feed  rates. 

Each  stiffener  was  sectioned  for  microexamination.  For  both 
the  aluminum  and  titanium  specimens,  no  change  in  general  micro¬ 
structure  was  found  associated  with  the  different  machining  para¬ 
meters.  The  depth  of  smeared  metal  layer  on  each  stiffener  was 
measured  by  use  of  a  measuring  eyepiece  on  the  metal lograph; 
this  depth  is  shown  in  Table  J-V  for  each  condition.  Figures 
J-12  through  J-15  show  representative  microstructures  of  both 
materials. 

With  both  the  aluminum  and  titanium  specimens,  it  is  seen 
that  the  depth  of  smeared  metal  increases  with  severity  of  mach¬ 
ining  practice.  Only  with  the  most  severe  conditions  would  the 
0.0005"  etch,  as  required  by  NDTS  1101,  be  insufficient  to  remove 
the  smeared  metal  layer.  The  two  higher  feed  rates,  7^  and  15^i 
in/min. ,  used  on  the  titanium  material  produced  unacceptable  sur¬ 
face  finishes  and  thus  would  not  be  suitable  for  production 
machining.  In  fact,  the  high  feed  rate  used  on  specimen  18C 
caused  the  cutter  to  seize  to  the  material  and  break;  it  is  inter¬ 
esting  to  note  that  no  gross  metallurgical  damage  accompanied  this 
severity  of  machining. 
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3.4  Conclusions 


From  the  limited  data  generated  in  this  work,  it  appears 
that  the  etch  depth  specified  in  NDTS  1101  is  sufficient  to 
remove  smeared  metal. 

Additional  work  is  necessary  to  study  other  methods  of 
machining,  drilling,  reaming,  deburring,  and  abrasive  blasting 
operations.  Other  alloys  of  aluminum  and  titanium  must  also  be 
studied.  In  addition,  the  actual  effect  of  smeared  metal  on 
crack  detection  should  be  ascertained  in  future  work. 
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FIGURE  J-3  STIFFENER  MACHINING  TEST  SPECIMENS  -  ALUMINim 
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FIGURE  J-5  STIFFENER  MACHINING  TESTS  -  ALUMINUM  -  DATA  PLOT 
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FIGURE  J-7  FEED  RATE  LIMIT  FOR  1.5  INCH  DIAMETER  CUTTER,  ALUMINUM 
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FIGURE  J-10  FEED  RATE  LIMIT  FOR  1/2  INCH  DIAMETER  CUTTER,  ALUMINUM 
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FIGURE  J-12  SPECIMEN  16A,  Ti-6A1-4V  BETA  ANNEALED, 
0.05"  RADIAL  DEPTH  OF  CUT, 

3  1/4"  PER  MINUTE  FEED  RATE 


FIGURE  J-13 


SPECIMEN  18C,  Ti-6A1-4V  BETA  ANNE/\LED, 
1"  RADIAL  DEPTH  OF  CUT, 

15  1/4"  PER  MINUTE  FEED  RATE 
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'C*- 


FIGURE  J-14  SPECIMEN  2A,  2124-T851, 
1"  RADIAL  DEPTH  OF  CUT, 
10"  PER  MINUTE  FEED  RATE 


■jOOX 


FIGURE  J-15  SPECIMEN  2D,  2124-T851, 
1"  RADIAL  DEPTH  OF  CUT, 
70"  PER  MINUTE  FEED  RATE 
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TABLE  J-I 


COMPARISON  OF  RECOMMENDED*  VS.  TEST  FEED  RATES 
PER  TOOTH  -  PERIPHERIAL  MILLING  IN  ALUMINUM 


H.S.S.  2  FLUTE 

CUTTER  DIAMETER,  IN. 

3/4 

1 

1^ 

2 

CIRCUMFERENCE,  C  (IN.) 

1.57 

2.36 

3.14 

4.71 

6.28 

REC.  FEED/TOOTH* 

.005 

.008 

.010 

.010 

.010 

REC.  SURFACE  FEET/MIN.* 

600-800 

600-800 

600-800 

600-800 

600-800 

TEST  RPM 

3600 

1500 

3600 

1500 

2560 

3600 

1800 

3600 

1500 

3600 

TEST  FEED/TOOTH 
(a  10  IN. /MIN. 
(10/2xRPM) 

.0014 

.0033 

.0014 

.0033 

.0020 

.0014 

.0028 

.0014 

.0033 

.0014 

TEST  FEED/TOOTH 
@  70  IN. /MIN. 
(70/2xRPM) 

.010 

.023 

.010 

.023 

.014 

.010 

.019 

.010 

.023 

.010 

TEST  SURFACE  FEET/MIN. 
(RPMxC/12) 

471 

295 

708 

393 

670 

942 

707 

1413 

785 

1884 

*  Reference  Machining  Data  Handbook,  p.  179 
"Wrought  Aluminum  Alloys  Solution  Treated 


2nd  Ed. , 
and  Aged" 
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TAIIX  J-II 


MACHINING  TEST  NESULTS--STIFFENERS— AUIMINW 
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TABLE  J-11  (CONTINUED) 


_ i600  Rrw  CUTTtTt  0,^  D  n  0.12  R  k  ?.00  E,L.  K.S.S.  (2  Fluti-« 

■VTT;;!;  I  HoanUTad  Ttilrkno‘i!i  and  Surface  AA  •/'In.  (D  (o) 

Trail  Radial!  Top/  - Lffi.  . 


dA  -  l.O 


31  .05 


«>A  ” 


13  ll’M  CA) 


12  O.llA 
6 


20  ll’M  (2R) 


50  Il’M 


70  ITM 


0.114  0.114  0.117 
0.141  0.153  0.153 
431 


BROKE  CUTTER 


15  0.122  0.120  0.125 
22  0.135  0.136  0.133 
214 


AA 


3600  RPM  CUTTER  0.75  D  i 


20  ll'M  (2B) 


96 

07 

8 


13  1PM  (2A) 


0.130  0.130  0.131 
0.165  0.165  0.167 
417 

0.135  0.135  0.136 
0.181  0.178  0.178 
522 

0.157  0.157  0.157 
0.213  0.213  0.213 
i  556 

BROKE  CUTTER 

0.130  0.132  0. 
0.163  0.165  0. 
277 


12  R  X  2.00  F.L.  H.S.S.  (2  Elutea)  (3-4) 


0.105  0.104  0.104  0.109  0.109  0.109 
0.116  0.119  0.117  0.125  0.126  0.126 
40  ISO 


38  .375  , 

I  AA 


A  -  1. 


39  .125  B 

AA 


.5 


40  .25  B 

AA 


41  .375  B 

AA 


20  1PM  (2B) 


12 

22 


13  IFM  (2A) 


8 

6 


0.114  0.1 
0.134  O.l 
22 


0.104  0.10/<  0.104  0.113  0.112  0.112 
0.112  0.113  0.113  0.124  0.124  0.124 
138  219 


I2I0  116  0.116  0.11610.122  0.122  0.122  0.130  0.130  0.130 
21  0  130  0.130  0.130  0.137  0.139  0.139  0.145  0.145  0.146 
192  208  191 


2560  RPM  CUTTER  l.OO  0  x  0.12  R  x  2.00  F.I..  H.S.S.  (2  Flutes)  - 


20  IPM  (2B) _ _ 

0.096  0.096  0.09710.097  0.097  0.099 [0.100  0.103  0.103 
0.102  O.lOl  O.lOl  0.102  0.102  0.102  0.107  0.107  0.108 


43  .375  B 

AA 


13  IPM  (2A) 


3 

7 


O.Ul  O.lll  0.111 

0,114  0.114  0.114 

0.114  0.121  0.121 

0.114  0.115  0.114 

0.126  0.126  0.126 

0.133  0.133  0.133 

35 

38 

25 

45  .05  B 

AA 


13  IPM  (2A) 


.098 
.098 
26 


6.104  0.104  0.104  0.108  0.108  O.IOS 
0.104  0.104  0.104  0.105  0.105  0.105 
57  _ _ 60 _ 


I 


2560  RFM  CUTTER  1.0  D  x  0.12  R  x  2,00  F.L.  H.S._S 


dA  “  x.xx 


Test  Radial 
No.  Cut 


2Flutes 


Measured  Thickness  and  Surface  AA  ->«In.  (1)  (6) 


Feed  1  feed 


20  ll’M  (28)  I  30  1PM 


50  IPM 


70  1 


20  0.122  0.120  0.120  0.128  0.128  0.128  0.132  0.1 
28  0.131  0.131  0.131  0.142  0.142  0.142  0.150  0.1 
49  37 


13  IPM  (2A)  _ _ _ 

Tl  to. 115  0.114  0.114  0.132  0.132  0.132  0.158  0.158  0.158  0.164  0. 

B  0.116  0.116  0.117  0.130  0.132  0.132  0.156  0.156  0.157  0.165  0. 

AA  I  27 _ _ 11 _ _ 22 - - 

1800  RPM  CUTTER  1.5  D  x  0.12  f  <  2.00  F.L.  H.S.S.  (2  Flutes  )  (3-4) 

I  20  1PM  (2P) _ _ _ _ 

Tt  0  099  0.098  0.098  0.100  0.099  0.099  0.102  0.102  0.100  0.101  0. 

B  0  102  0.101  0.101  0.102  0.103  0.103  0.104  0.105  0.105  0.105  0. 

A*  24  29  L _ 29 _ 1 - 


3  0.1 

4  0.1 

3 


13  IPM  (2A) 

0.111  0.108  0.112!o.115  0.115  0.11510.129  0.129  0.128  0.133  0. 
0  109  0.109  0.109  0.118  0.117  0.116  0.133  0.133  0.133  0.139  0. 
22  25  41 


.131 

.129 

26 


164  0.165 
166  0.167 
34 


0.114  0.115  0.115  0.117  0.117  0.117  0.123  0. 
0.117  0.117  0.116  0.123  0.123  0.122  0.127  0. 


0.134  0.134  0.135  0.143  0. 
0.137  0.137  0.137  0.146  0. 
41 


102  0.101 
105  0.105 

40 _ 

123  0.123 
127  0.127 
50 


.132  0.132 
.138  0.139 
41 


.143  0.143 
.146  0.145 
37 


0.113  0.113  0.113  0.108  0 
0.104  0.105  0.105  0.102  0 


.111  0.113 
.102  0.101 
42 


0.105  0.108  0.106 
0.110  0.111  0.111 
16 


2 

6 


O.lll  0.112  0.112  0.122  0.122  0.122  0.130  0. 

6  0.113  0.114  0.127  0.126  0.127  0.142  0.137  0.140  0.140  0. 

_ 24 _ 29 _ 27 _ 

If  to. 115  0.116  0.116  0.122  0.122  0.122  0.135  0.134  0.138  0.153  0, 

B  0.118  0.118  0.118  0.134  0.135  0.134  0.155  0.155  0.155  0.171  0, 

AA  I  '  37 _ _ 20  _ _ ^ - - 

1400  RPM  CUTTER  2.0  0  x  0.12  R  x  2.00  F.L.  H.S.S.  (2  Flutes)  (5) 

10  IPM  (2C)  _ - _ 

0.109  0.109  0.105  0.116  0.116  0.118  0.108  0.107  0.104  0.116  0 

B  0.109  0.108  0.106  0.119  0.118  0.120  0.106  0.106  0.106  0.123  0 

AA _ 17 _ 12 _ - - 

10  IPM  (20  30  IPM  SO  IPM  70 


17 

10  IPM  (2C) 


26 

50  IPM 


OTTiER  DAMAGED AND  STIFFENERS  FAILED  AT  30  AND  50  IPM 


T 

0.105  0.105  0.102 

0.112  0.112  0.114 

59 

.50 

B 

0.116  0.115  0.115 

0.125  0.125  0.128 

AA 

18 

17 

131  0.132 
142  0.141 
35 


158  0.159 
172  0.171 
38  _ 


.116  0.117 
,122  0.124 

_24 _ 

1PM _ 

.106  0.108 
.129  0.130 
34 


50  1PM 


20  IPM _ 30  1PM _ 50  IPM _ 

0.102  O.lOl  O.lOO  0.105  0.105  0.105  0.108  0.107  0.105  OJl®  ° 
0  108  0.107  0.108  0.111  O.llO  0.111  0.116  0.118  0.118  0.121  0 
22  28  ^3 _ I _ 


7£  mt _ 

I  O.llO  0.109 
0.121  0.121 
28 


CONVENTIONAL  CUT  DIRECTION  _ _ _ 

-  T  to  093  0  098  0  0981  0.092  0.093  0.092 1 0.084  0.084  0.083  0.096  0.099  0.095 

25  B  S;096  S:097  0.096  0.097  0.098  0.098  0.090  0.090  0.090  0.096  0.096  0.095 

AA  _ 15  I _ - - - 

CLIMB  CUT  3600  RPM  CUTTER  1  00  .12  R  x  2.00  F.L.  H.S.S.  (2  Flutes)  2b  ^  _ 

- It  Io  107'^  107  0.107  O.llO  0.109  0.110  0.109  0.110  O.llO  0.114  0.114  0.113 

25  B  0  lo5  0:il0  O.m  0.113  0.113  0.114  0.116  0,118  0.119  0.120  0.123  0.124 

AA  19  _ E _ _ — - - 


1 


TABLE  J-XI  (CONTINUED) 


[  3600  RPM  CUTTER  1.50  0  x  .  12  R  x  2.00  F.L.  H.S.S.  (2  Flutei 

i)  2b 

63 

0.5 

T 

B 

AA 

0.115  0.115  0.115 
0.119  0.121  0.121 
20 

0.118  0.118  0.119 
0.124  0.124  0.124 
24 

0.117  0.118  0.116 
0.129  0.133  0.132 
21 

0.116  0.117  0.115 
0.136  0.136  0.135 

25 

3600 

RFM  CUTTER  2.00  | 

)  X  .12’R  X  2.00  F.L.  H.S.S.  (2  Flut 

It)  2b 

64 

0.5 

T 

B 

AA 

O.lll  O.lll  O.lll 
0.113  O.llO  O.lll 
16 

O.llO  O.llO  0.108 
0.113  O.llS  0.115 
24 

O.llO  0.114  0.117 
0.120  0.122  0.126 
25 

0.129  0.129  0.130 
0.128  0.130  0.130 

16 

Notes:  (1)  Thlcknssi  MSiutBi  TNij *  iottom, 
on  center  of  spn  (OjJ  k  one  Inch 
eech  side  (L,R)  •{  ceecer  of 
stiffener. 

(2)  Minimum  feed  rete 

(a)  Morey  USA>S12A0  -  13  (PM 

(b)  Morey  USA*fl21S  -  20  1PM 

(c)  Bohle  -  »  IPM 


(3)  Morey  N/C  Mill  USA*81240 

(A)  Morey  N/C  Mill  USA-81215 

(5)  Bohle  Vertical  Mill 

(8)  Stiffener  Nominal  Thickness  -  .100 

(7)  Material  -  2124-T851,  2.25"  thick  plate 
stock 

(8)  >  Stiffener  heliht 


TABLE  J-lIl  ALUMIHUM  STIFFENER  DATA  ANALYSIS 
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TABLE  J-V 

MACHINING  PARAMETERS  FOR  SURFACE  EFFECT  ANALYSIS 
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APPENDIX  K 


NC  PROGRi\MMING  DEVELOPMENT  TESTS 

Data  obtained  from  the  NC  Programming  Development  Tests  is 
presented  herein. 


1.0  DESCRIPTION  OF  TESTS 

Various  programming  approaches  were  used  to  machine  ten 
simulated  production  parts  of  the  configuration  shown  in  Figu 
K-1.  The  objective  was  to  achieve  higher  metal  removal  rates 
based  on  the  stiffener  test  data  described  in 
retaining  essential  quality.  The  first  specimen,  S/N 
used  to  proof  the  basic  geometry  common  to  all  programmed  parts. 
Due  to  typical  programming  errors,  the  test  results  from  thi. 
part  were  omitted  from  data  analysis. 

A  description  of  the  various  programming 
specimen  evaluated  is  presented  in  Table  K-I.  ^ 

programmed  accordingly  to  conventional  practices  while  the  other 
specimens  utilized  increased  metal  removal  procedures. 

The  last  part,  S/N  10,  was  considered  the  be.st  of  test 
parts  in  overall  quality  and  is  compared  in  detail  with  the 
conventionally  programmed  part,  S/N  2.  Photos  of  par  s  / 
and  S/N  10  are  shown  in  Figures  K-2  and  K-3  respective  y. 
spection  charts  for  these  two  specimens  are  also  shown  in 
Figures  K-A  and  K-5. 


2.0  TREATMENT  OF  DATA 

Data  obtained  from  the  9  development  test  parts  are  Pre¬ 
sented  in  Tables  K-II  thru  K-VI  and  Figures  K-6  thru  K- 8.  Rang  s 
of  individual  stiffener  and  web  thickness  deviation  from  nominal 
drawing  dimensions  are  illustrated  in  Figure  K-6.  Included  in 
this  figure  are  total  machine  run  times  and  brief  run  descriptions 
A  brief  statistical  analysis  of  the  dimensional  deviations  was 
performed  and  is  presented  in  Table  K-II.  The  data  was  analyzed 
\or  means  and  standard  deviation  for  both  the  high  and  low  points 
of  t^d  mensional  deviation  ranges  (for  stiffeners,  webs,  and 
all  elements ).  A  graphical  analogy  of  Table  K-II  results  is 
presented  in  Figure  K-7 .  The  means  of  the  extreme  points  (high 
Ld  low)  of  the  individual  element  dimensional  deviation  ranges 
are  depicted  as  points  on  the  line.  However,  the  standard 
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deviations  of  these  accumulated  high  and  low  point  values  are 
shown  by  the  length  of  the  dotted  lines  outside  of  the  mean 
points.  The  standard  deviation  value  is  understood  to  extend 
equally  in  both  directions  (positive  and  negative)  from  the 
mean  value. 

Shown  in  Figure  K-8  is  a  correlation  between  cutter  time 
and  cutter  size  for  the  nine  test  specimens.  Included  is  a 
cumulative  cutter  time  for  each  test.  Presented  in  Table  K-III 
is  a  relative  rating  of  pocket  corner  quality  for  the  test  parts. 
Each  corner  (18  per  part)  of  every  test  part  is  ranked  as: 
excellent,  acceptable,  marginal,  or  unacceptable. 

Tables  K-IV,  K-V  and  K-VI  present  the  results  of  the  com¬ 
parison  between  parts  S/N  2  and  S/N  10.  Table  K-IV  shows  com¬ 
parison  of  corner  mismatch  and  surface  roughness  values  between 
individual  elements  (webs  and  stiffeners)  of  the  two  parts. 

Table  K-V  summarizes  the  data  of  Table  K-IV,  listing  cumulative 
occurrences,  means,  and  standard  deviations  of  measured  values 
for  stiffeners  and  webs.  Finally,  Table  K-VI  provides  an  over¬ 
all  quality  comparison  on  S/N  2  and  S/N  10.  Included  in  this 
table  is  the  1  o-  range  of  low  and  high  dimensional  deviations 
for  stiffeners  and  webs.  This  range,  bounded  by  the  two  listed 
values,  is  one  within  which  687.  of  all  dimensional  deviations 
will  fall.  Similar  values  are  listed  for  mismatch  and  surface 
roughness. 


For  interpretation  of  these  results,  see  Volume  I. 
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FIGURE  K-5  INSPECTION  RESULTS,  SPECIMEN 


TABLE  K-I  NC  PROGRAMMING  DEVELOPMENT  TESTS  - 
TEST  PROGRAMMING  FEATURES 


PART 

S/N 

I 

TYPE 

CUT 

dR 

(IN.) 

dA 

(IN.) 

A 

dR  X 

(SQ.IN. ) 

f 

(1PM) 

M 

A  X  f 
(CIPM) 

COMMENTS 

#2 

1^ 

RAMP 

1.5 

.“7 

O5 

8 

0 

AVG  M. ;  1800  Rm 

SLOT 

1.5 

77- 

rTJ5 

18 

XVTTi. 

ROUGH 

VAR. 

1.4 

-- 

18 

■Si 

L’V  .050  ON  SIDES,  WEB 

F.WEB 

1.5 

.050 

.075 

18 

ROUGH 

.45 

1.5 

.68 

18 

12.2 

1800  RPM 

F. WALLS 

.050 

1.5 

.075 

18 

1.4 

F.  WALLS 

.037 

1.4 

.05 

18 

.9 

INCL.  V’  R.  CORNERS 

F. WALLS 

.013 

1.4 

.018 

12 

.2 

INCL.  V’  R.  CORNERS, 

USING  0.515"R;  3600  RPM 

ROUGH 

VAR. 

1.4 

-- 

3 

-- 

V’R. CORNERS;  3600  Rm 

FIN. 

.013 

1.4 

.018 

1.5 

.03 

V'R. CORNERS;  3600  RPM 

#3 

ih 

1.5 

TT 

05 

8 

0 

1800  RPM 

1.5 

7J 

05 

18 

ro 

VAR. 

1.4 

-- 

18 

-- 

R/F 

.25 

1.4 

.35 

32 

11.2 

CHART  FEEDRATE  (C.F.) 

2 

R/F 

.50 

1.5 

.75 

26-32 

24.0 

1800  RPM 

1 

R/F 

VAR. 

1.4 

<.18 

75 

<13.5 

3600  Rm 

<38 

22 

<8.4 

>.38 

10 

<3.8 

FR.TRAV. 

•  • 

-  - 

-- 

95 

-- 

h 

R/F 

VAR. 

1.4 

<.3 

6 

<1.8 

3600  RPM 

<.5 

3 

<1.5 

>.5 

1.5 

>.75 

#4 


(SAME  PROGR.  AS  #3.  ALL  CUTTERS  Q  3600  RPM) 


#5 


RAMP 

SLOT 

ROUGH 

R/F 

R/F 


R/F 


1.5 

1.5 

VAR. 

.25 

.50 


VAR. 


VAR. 


.■7 

.■7 

1.4 

1.4 

1.5 


1.4 


1.4 


T7D5 

rrc5 


.35 

.75 


<.18 
!S.  38 
>.38 


6.4 

5T7 

3600  Rm;  FEED  RATES 

14.4 

r5Tl 

0  807.  OF  S/N  3  &  4 

14.4 

-- 

25.6 

12.8 

9.6 

3600  Rm;  FEED  RATE 

0  407.  OF  S/N  3  &  4 

60 

<10.8 

17.6 

<6.7 

0  80%  OF  S/N  3  &  4 

8.0 

95 

1  - 

(1007.  OF  S/N  4  FOR  C0RN.A2-3,B1-2,B2-3 


FR.TRAV 

R/F 


<.3 


TABLE  K-I  (Cont'd) 


PART 

TYPE 

dR 

dA 

A 

f 

M 

COMMENTS 

S/N 

CUT 

dR  X 

A  X  £ 

(IN.) 

(IN.) 

(SQ.IN. ) 

(1PM) 

(CIPM) 

#6 

7/8 

DRILL 

— 

PI 

-- 

DRILL  CORNERS 

RAMP 

1.5 

TT05 

8 

875 

3600  RPM 

SLOT 

1.5 

.T 

05 

18 

fO 

ROUGH 

VAR. 

1.4 

-- 

18 

-- 

LEAVE  .050  ON  SIDES  &  WEB 

FINISH 

.050 

1.4 

.07 

75 

5.25 

2 

R/F 

.50 

1.5 

.75 

32 

24 

3600  RPM 

1 

R/F 

VAR. 

1.4 

<.18 

75 

<13.5 

3600  RPM 

<  38 

22 

<8.4 

>.38 

10 

<3.8 

FR.TRAV. 

•  • 

-- 

-- 

95 

-- 

h 

R/F 

VAR. 

1.4 

<3 

6 

<1.8 

2560  RPM 

<.5 

<1.5 

>.5 

1.5 

>.75 

#7 

.437 

•  « 

•  • 

-  - 

DRILL  CORNERS 

1.5 

.7 

05 

8 

o 

3600  RPM 

SLOT 

1.5 

.7 

05 

27 

20 

INCR  507.  OVER  U 

ROUGH 

VAR. 

1.4 

•  • 

27 

-- 

INCR  507.  OVER  #6 

LFJ^VE  .050  ON  SIDES  &  WEB 

FINISH 

.050 

1.4 

.07 

95 

6.65 

2 

ROUGH 

.450 

1.5 

.68 

60 

40.5 

3600  RPM 

FINISH 

.050 

1.5 

.075 

75 

5.63 

1 

R/F 

VAR. 

1.4 

<18 

95 

<17.1 

3600  RPM 

<.  38 

33 

<12.6 

C  INCR  BY  507. 

>.38 

15 

<5.7 

f  INCR  BY  507. 

RAP.TRAV 

•  • 

-- 

95 

-- 

k 

R/F 

VAR. 

1.4 

<•3 

9 

<2.7 

3600  RPM;  f  INCR  BY  507. 

<5 

4.5 

<2.3 

3600  RPM;  £  INCR  BY  50% 

>.5 

#8 

u 

RAMP 

1.5 

.7 

05 

8 

o 

3600  RPM 

SLOT 

1.5 

.7 

05 

18 

ro 

ROUGH 

VAR. 

1.4 

-- 

18 

-  - 

R/F 

.25 

1.4 

.35 

32 

11.2 

2 

R/F 

.50 

1.5 

.75 

20 

15.0 

3600  RPM 

RAP.TRAV 

-  • 

-- 

-- 

95 

-- 

1 

R/F 

VAR. 

1.4 

!;i8 

75 

<13.5 

3600  RPM 

<.38 

22 

<8.4 

>.38 

10 

<3.8 

RAP.TRAV 

•  • 

•  • 

-- 

95 

-- 

R/F 

VAR. 

1.4 

<.3 

6 

SI. 8 

2560  RPM 

<.5 

3 

SI. 5 

TABLE  K-I  (Cont’d) 


PA.'lT 

EM 

TYPE 

dR 

dA 

A 

f 

M 

COrWENTS 

S/N 

m 

CUT 

dR  X  dA 

A  X  f 

SSD 

(IN.) 

— 

(IN.) 

(SQ.IN. ) 

(1PM) 

(CIPM) 

#9 

(SAME  AS  #8. 

TO  OBSERVE  REPFJ^TABILITY  EXCEPT  V 

D  CUTTER  0 

3600  RPM  AND  SET  WEB  CUT  .005  HIGHER) 

#10 

ih 

RAMP 

1.5 

1755 

8 

O 

3600  RPM 

SLOT 

1.5 

rrc5 

18 

TO 

ROUGH 

VAR. 

18 

-- 

LEAVE  .050  ON  SIDES,  WEB 

FINISH 

.050 

.07 

?5 

5.25 

SET  .005"  HIGH 

2 

ROUGH 

.A50 

.68 

21.8 

3600  RPM 

FINISH 

.050 

.075 

75 

5.63 

1 

R/F 

VAR. 

1.4 

18 

75 

<13.5 

3600  RPM 

S.  38 

22 

8.4 

>.38 

10 

>  3.8 

FR.TRAV. 

•  • 

-- 

95 

h 

R/F 

VAR. 

ID 

S.3 

6 

S  1.8 

2560  RPM 

ID 

S.5 

3 

S  1.5 

■ 

>.5 

1.5 

>  .8 

NOTES:  dR 
A 
M 
Dc 
dA 
f 


RADIAL  CUT 
AREA  OF  CUT 

METAL  REMOVAL  KATE,  CU.  IN. /MIN. 
CUTTER  DIAMETER 
AXIAL  CUT 

FEED  RATE,  IN. /MIN. 
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C  PROGRAMMING  DEVELOPMENT  -  DIMENSIONAL  OUALITY  ANALYSIS 


TABLE  K-III  NC  TESTS- EVALUATION  OF  QUALITY 
OF  MACHINED  CORNERS 


TABLE  K-T.V  QUALITY  COMPARISON  NC  TEST  PARTS  S/N  2*  AND  S/N  10* 

MISMATCHES  AND  SURFACE  ROUGHNESS 


Stiffeners 

Mismatches 
(Two  Sides 

(x  10"3)** 

,  Two  Ends) 

Surface  Roughness,  /LtAA 
(Side  1/Side  2) 

S/N  2  1 

S/N  10 

S/N  2 

S/N  10 

AK 

7/0 

0/3 

11/5 

0/0 

28/19 

26/25 

AJ 

4/0 

0/0 

0/0 

0/0 

31/25 

28/23 

AI 

0/2 

0/0 

3/0 

0/0 

26/30 

25/14 

AB 

0/0 

0/2 

0/0 

15/0 

38/36 

33/26 

BI 

0/2 

0/0 

5/0 

0/0 

20/32 

28/15 

BH 

0/0 

0/0 

4/0 

0/0 

42/16 

27/39 

BC 

7/0 

0/3 

0/6 

7/10 

34/42 

27/25 

CH 

7/0 

0/0 

7/0 

0/0 

32/15 

40/38 

CD 

0/4 

4/0 

0/12 

11/0 

30/30 

25/28 

DE 

5/0 

0/0 

6/15 

12/0 

28/62 

23/39 

DF 

0/9 

0/0 

8/9 

0/0 

24/17 

34/26 

EG 

4/0 

0/0 

12/9 

0/0 

26/17 

24/21 

EF 

0/0 

0/0 

0/8 

0/0 

41/21 

35/20 

Webs 

Mismatches  x  10”^ 

Surface  Roughness, /ii-AA 

A 

2 

11.2, 

4.6,6 

40 

159 

B 

4 

5.8,5 

,8,7 

32 

57 

C 

7,1, 

1 

4,3,5 

‘.5 

34 

123 

D 

2,3 

7.8,2 

!,6 

30 

70 

E 

0 

6,6,2 

',8 

19 

139 

*  S/N  2  was  machined  by  commonly  used  programming  procedures. 

S/N  10  was  machined  at  an  average  of  2007o  of  the  metal  removal 
rate  of  S/N  2. 

**  Example:  stiffener  AK  (of  S/N  2)  had  mismatch  of  0.007  on  one 
end  of  one  side  f^xxd  0.000  on  the  other  end,  and 
0.000  and  0.003  on  the  ends  of  the  other  side. 


TABLE  K-V  QUALITY  COMPARISON  -  S/N  2  AND  S/N  10  - 
SUMMARY,  MISMATCHES  &  ROUGHNESS 


Mismatches 

Surface  Roughness 

UAA 

S/N  2 

S/N  10 

S/^ 

2 

S/N 

Element 

Occur¬ 

rences 

Mean 

<r 

Occur¬ 

rences 

Mean 

O' 

Mean 

O' 

Mean 

■■ 

Stiffeners 

14 

.0012 

.0023 

20 

.0034 

.0048 

29.3 

10.4 

27.5 

6.9 

Webs 

7 

.0025 

.0022 

22 

.0058 

.0022 

31.0 

7.7 

109.6 

44.2 
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TABLE  K-VI  SUMMARY,  OVERALL  QUALITY  COMPARISON  -  S/N  2  AND  S/N  10 
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APPENDIX  L 


RTC  RE-PROGRAMMING  AND  MACHINING 
OF  F-16  PRODUCTION  PARTS 


Data  obtained  from  re -programming  F-16  production  parts  to 
the  RTC  NC  programming  guidelines  is  presented  herein. 


1.0  NC  PROGRAJflING  GUIDELINES  AND  APPLICATION 

NC  orogramming  guidelines  were  based  on  the  NC  development 
tests  de'scribed  in  Appendix  K  and  modified  during  the  machining 
of  the  first  production  part,  16B5222-7.  These  guidelines  are 
presented  below.  A  comparison  with  typical  conventional  pro¬ 
gramming  is  also  provided. 


1.1  NC  Programming/Machining  Guidelines 

The  following  guidelines  were  developed  by  experienced  F-16 
NC  programmers  and  will  be  used  on  F-16  parts  as  re -programming 
opportunities  are  encountered. 


PROGRAM1ING /MACHINING  GUIDELINES 
FOR 

NUMERICAL  CONTROLLED  MILLED  ALUMINUM 
AS  DEVELOPED  BY  THE 
RELAXED  TOLERANCE  CONCEPTS  PROGRAM 


Relaxed  Tolerance  Concepts  (RTC)  guidelines  have  been  developed 
in  order  to  lower  the  cost  of  machined  parts  and  to  reduce  the 
time  for  a  part  on  the  numerical  controlled  (NC)  machine.  Simul¬ 
taneous  with  the  development  of  these  guidelines,  design  and 
surface  smoothness  requirements  have  also  been  Relaxed  which 
permits  more  effective  implementation  of  the  guidelines. 

The  reconsnended  procedures  are  not  designed  for  use  across  the 
entire  spectrum  of  NC  machining  but  are  intended  only  to  se^e 
as  a  guide  within  the  limitations  set  forth  below;  most  designs, 
however  fall  within  this  scope. 


Use  of  the  RTC  guidelines  presupposes  a  thorough  knowledge  of 
APT  (Automatically  Programmed  Tool)  part  programming  and  tradi 
tional  NC  machining  techniques. 
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In  general,  RTC  machining/programming  practices  apply 
exclusively  to  the  milling  of  aluminum  material  and 
only  then  when  the  depth  of  material  removed  does  not 
exceed  1.75  inches.  The  basic  philosophy  is  to  remove 
as  much  material  as  practical  with  large  (1.75  -  2.00 
inch  diameter)  cutters,  finish  mill  using  an  inter¬ 
mediate  size  (1.00  -  0.75  inch  diameter)  cutter  and 
utilize  smaller  (.5  -  .75  inch  diameter)  cutters  only 
when  absolutely  necessary. 

Cutter  Selection 

When  machining,  always  utilize  the  largest  diameter 
cutter  with  the  shortest  flute  length  possible.  This 
selection  will  ensure  minimal  cutter  deflection. 

Undersize  cutters  may  be  employed  for  roughing  oper¬ 
ations  but  standard  size  cutters  are  mandatory  for 
finishing  operations. 

Cutter  Changes 

Utilize  as  few  cutters  as  possible  and  organize  machining 
operations  in  such  a  manner  as  to  ensure  a  minimal  number 
of  cutter  changes. 


Positioning 

For  positioning  the  cutter  (lifting,  plunging  or  traversing) 
when  not  removing  material,  always  utilize  the  maximum  feed- 
rate  allowable.  Whenever  possible,  maintain  no  greater  than 
0.1  inches  clearance  for  traversing  above  or  positioning  to 
the  workpiece.  Naturally,  exceptions  are  permissible  for 
certain  part  configurations  and  for  obstructions  such  as 
strap  clamps,  hold  down  bolts,  locating  pins  or  other  tool¬ 
ing  accessories.  Positioning  the  cutter  without  removing 
metal  should  be  kept  to  a  minimum.  When  using  MACRO,  LOOPS, 
etc.,  these  should  be  designed  to  function  with  the  least 
amount  of  wasted  motion  possible. 


Ramping 


Pocket  milling  should  be  initiated  by  means  of  a  ramping 
operation.  The  ramp  cut  should  begin  at  one  extremity  of 
the  pocket  on  a  plane  O.i  inches  above  the  workpiece  and 
end  0.05  inches  from  the  desired  web  and  0.03  inches  from 
the  opposite  pocket  extremity.  Once  the  proper  depth  has 
been  reached,  the  cutter  should  be  retraced  (at  depth) 
along  the  line  of  the  ramp  cut  to  the  original  position  less 
0.03  inches.  A  ramping  feedrate  should  be  utilized.  If 
pocket  size  compels  an  absolutely  vertical  cut,  the  feedrate 
should  be  reduced  to  1/2  the  designated  ramping  feedrate. 


Rough  Machining 

When  rough  machining  with  large  cutters,  excess  stock 
should  be  left  on  stiffener  and  flange  walls,  as  well  as 
on  pocket  webs.  Excess  stock  of  0.03  inches  should  be 
maintained  on  pocket  webs.  Conventional  milling  is  per¬ 
missible  but  not  desirable.  Cutter  path  should  be  pro¬ 
grammed  to  remove  as  much  material  as  possible  with  the 
least  amount  of  motion,  but  radial  cuts  should  not  exceed 
1/2  the  diameter  of  the  cutter  and  axial  cuts  should  not 
exceed  1.75  inches  in  depth.  Roughing  feedrates  should 
be  utilized.  In  instances  where  the  cutter  becomes  as 
much  as  50  per  cent  enveloped  by  material,  the  feedrate 
should  be  temporarily  reduced  to  1/2  the  designated 
roughing  feedrate.  A  finish  pass  to  the  net  web  dimension 
should  then  be  made  using  finishing  feedrates.  Normally, 
no  finish  cuts  on  stiffener  or  flange  walls  should  be  made. 
The  table  shown  below  gives  rough  machining  feed  rates  and 
RPM  that  may  require  up  to  15  spindle  horsepower. 

Climb  Milling 

Always  remove  material  when  finish  machining  by  means  of 
climb  milling.  This  convention  minimizes  cutter  deflection 
and  reduces  the  possibility  of  undercutting. 
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CorncrlnR 

Do  not  develop  circles  for  finishing  corner  radii.  Always 
drive  the  cutter  directly  to  the  adjacent  (check)  surface 
which  forms  the  corner.  Do,  however,  use  the  special 
feedrate  option  of  APT  for  slowing  the  cutter  to  a  corner¬ 
ing  feedrate  when  within  0.05  inches  of  the  adjacent  surface. 

Feedrate  Acc/Dec 

For  NC  systems  which  control  machine  tool  velocity  by  means 
of  acceleration  and  deceleration  stepping  functions,  velo¬ 
city  step  size  should  be  increased  to  at  least  35  inches 
per  minute  when  finish  milling.  The  use  of  increased 
acceleration  and  deceleration  step  size  reduces  the  possibil¬ 
ity  of  marking  stiffener  and  flange  walls  as  the  cutter 
dynamically  changes  velocity.  Probability  of  cutter  over¬ 
shoot  when  cornering  is  increased,  but  proper  use  of  the 
special  feedrate  option  of  APT  will  compensate  for  this 
condition. 

Small  Radius  Corners 

Small  cutters  should  be  used  only  for  machining  corner 
radii  except  when  part  configuration  dictates  otherwise. 

Two  passes  to  net  corner  dimensions  should  be  made  and 
cornering  feedrates  should  be  used.  Corners  less  than 
90  degrees  may  require  additional  passes  and/or  reduced 
feedrates.  When  positioning  from  one  corner  to  the  next, 
the  cutter  should  rapid-traverse  free  of  material. 

Mating  Surface  Milling 

In  order  to  ensure  satisfactory  joining  surface  quality  when 
milling  mating  surfaces  (usually  outside  flange  peripheries), 
conservative  machining  practices  should  be  adopted  in  lieu 
of  relaxed  tolerance  concepts.  As  a  general  rule  of  thumb, 
external  milling  of  outside  flange  peripheries  should  be 
performed  prior  to  internal  machining  operations. 
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Control  of  Surface  Roughness 

Programming  with  the  rates  of  the  following  table  will  nor¬ 
mally  produce  a  surface  with  roughness  well  within  125  /< AA 
for  surfaces  cut  with  the  side  of  a  2*'  F.L.  end-mill j  however, 
surfaces  such  as  webs  produced  by  the  end  of  the  end-mill 
may  occasionally  fall  between  125  and  200  ^AA.  This  con¬ 
dition  is  usually  acceptable  in  non-functional  areas,  but 
may  require  lower  feed  rates  for  areas  requiring  a  125 ^  AA 
maximum. 

Form  Cutters 

The  use  of  form  cutters  such  as  cone,  bell  and  ’’T"  config¬ 
urations  will  necessitate  special  consideration.  In  general, 
form  cutters  do  not  remove  material  as  effectively  as  stan¬ 
dard  cutters,  therefore,  reduced  spindle  speeds  and  conser¬ 
vative  feedrates  will  be  necessary.  In  all  cases  where  form 
cutters  are  required,  as  much  material  as  possible  should 
first  be  removed  with  a  standard  cutter. 

Spindle  Speeds  and  Feedrates 

The  following  table  specifies  spindle  speeds  and  milling 
feedrates  which  should  be  employed  for  RTC  programming: 


Flute 

LenKth 

HUH 

1/2”  1 

ss 

RPM 

IPM 

RPM 

1PM 

RPM 

1PM 

RPM 

1PM 

Rough 

-- 

-- 

-- 

1800 

20 

3600 

40 

Finish  Vails 

2360 

10 

1800 

20 

1800 

33 

-- 

-- 

Through 

Finish  Webs 

-* 

-- 

-- 

-- 

1800 

33 

3600 

73 

2" 

Ramping 

— 

-- 

1800 

10 

1800 

10 

3600 

13 

Cornering 

2360 

3 

1800 

8 

1800 

10 

3600 

20 
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Operator  Control 

breftJJelrtapf  orctputer'^ontro^  The  operator  should 

be  so  instLcted  on  the  instruction  document. 

1.2  Typical  NC  Programming  Comparison 

TnhlP  l-I  describes  the  NC  programming  of  a  F-16  production 
part,  as  it  was  originally 

Xri:  :n7,;p:ra/i::eropr«  au...  ph^s  p.opn.., 

2.0  MACHINING  AND  DATA  ANALYSIS  -  16B5222-7 

Discussion  on  machining  ana  rs^gl^rielow. 

frame  16B5222-7  shown  in  Figures  L-1  and  L  .  g 


2.1  Machining 

Machining  o£  the  seven  Plec-  o£  16BS222-7  was  aone^on 

'  “’‘'L^iea  tr/orrara^’an  lng  the  machining  petloa.  Coolant 

unes  we«  c^efnra  ana  travel  was  checkea.  f ‘"-I- 

„as  monltorea  to  Insure  that  the  higher  ^^00“!  rat^. 

did  not  represent  «" /"f "?!.  I  IV'  cutter.  This 

26  hp.  ®"«-tered  durlngjamplng  wlth^a^lV^ 

is  an  increase  o  .  P  s._nHnc  was  used  and  vacuum  read  24 
Production  vacuum  chuck  tooling  was  useu  anu 

inches  of  mercury  throughout  the  tests. 

2.2  Quality  Comparison 

Table  L-n  -™-tit®®/^®,-«2!f;/4,r.ed'Ln:rnarn:Uy 
Reports  fot  three  pieces  of  16B5222 

for  production  «"'*  ®®''  exhibited  an  excessive  number 

lines.  The  first  P  as  surface  waviness.  This 

of  dimensional  different  from  the  three  produc- 

?ro“pLts!  Ct  b««r  performance  was  desired  so  the  guideline 


feedrates  and  RPM  values  were  modified  so  as  to  be  mord"  conserva¬ 
tive.  The  last  three  pieces  were  considered  adequate  in  quality, 
and  the  guidelines  were  finalized  as  presented  above. 

The  first  RTC  part  was  scrapped  due  to  the  programming  errors 
but  later  used  for  the  F-16  metal  mockup.  The  remaining  six 
pieces  were  accepted  and  placed  in  F-16  production  stock. 


2.3  Machining  Time  Comparison 


Table  L-III  lists  the  total  time  on  the  NC  mill  for  16B5222-7 
for  each  of  the  various  basic  activities  such  as  tool  set-up  and 
tear-down,  cutter  and  clamp  changes  and  actual  cutting  time. 

Values  for  cutting  time  are  based  on  NC  tape  time  for  the  F-16 
production  programmed  part  -  conservative,  since  the  operator 
has  the  common  practice  option  of  slowing  down  the  machine  by 
over-riding  the  tape.  Cutting  time  and  other  functions  for  the 
RTC  parts  were  actual  measured  intervals  using  a  stop  watch. 

For  the  RTC  parts,  no  operator  over-ride  was  permitted,  so  tape 
and  running  times  were  identical.  RPM  was  provided  the  operator 
on  the  NC  specification  for  the  part. 

In  view  of  the  absence  of  measured  time  intervals  for  the 
non-cutting  functions  for  the  production  part,  the  RTC-measured 
time  intervals  were  assumed  applicable  to  the  production  part 
also.  There  is  no  basic  reason  for  any  difference  in  these 
functions  between  the  two  parts.  As  can  be  seen  in  Table  L-III, 
wide  variations  exist  from  part  to  part  in  the  time  required  for 
the  non-cutting  activities  depending  upon  whether  the  tooling 
was  still  in  place  from  the  previous  part  or  how  well  the  oper¬ 
ator  maintained  his  efficiency  in  making  clamp  and  cutter  changes. 


Since,  on  a  complex  part  such  as  16B5222-7,  the  cutting 
time  is  a  large  portion  of  the  total  time  on  the  machine,  the 
large  reduction  in  cutting  time  achieved  by  the  RTC  guidelines 
significantly  reduced  total  time  on  the  machine,  by  an  average 
of  547o.  In  other  terms,  the  time  reduction  on  the  machine  is 
roughly  322-174-148  minutes,  or  2.5  hours. 

The  difference  in  tape  time,  and  therefore  cutting  time  for 
S/N  007  is  206.1-71.6-134.5  minutes  or  2.24  hours.  The  saving 
in  cutting  time  is  not  affected  by  learning  curve  influence  since 
tape  time  is  not  within  operator  control;  therefore,  the  benefit 
of  reduced  cutting  time  is  a  constant  value  and  an  increasing  per¬ 
centage  of  total  cost  as  learning  progresses  throughout  the  entire 

program. 
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The  RTC  programming  for  16B5222-7  was  adopted  by  the  F-16 
NC  programming  group  as  the  final  production  programming  for 
this  part. 


3.0  MACHINING  AND  DATA  ANALYSIS  -  16B1262 


The  second  F-16  production  part  selected  was  programmed  in  a 
manner  similar  to  that  for  16B5222.  Figures  L-3  and  L-4  illus¬ 
trate  the  part.  Seven  pieces  were  machined.  The  second  piece 
was  damaged  early  in  machining  due  to  machine  malfunction  and  so 
is  not  reported  on.  The  RTC  programming  for  16B1262  was  finally 
adopted  as  F-16  production  programming. 


3.1  Machining 


Machining  was  done  on  two  different  mills.  The  first,  Morey 
mill  No.  5,  ran  at  roughly  two  thirds  tape  speed.  Also,  the 
programming  did  not  comply  with  the  RiC  guidelines  in  cutter 
selection,  cutter  motion  and  feed  rates.  The  part  was  completed 
and  is  reported  on  in  Tables  L-IV  and  L-V.  The  remaining  parts 
were  cut  on  Lucas-Morey  No.  11  (4'  x  8'  bed),  a  30  hp.  mill.  A 
peak  horsepower  of  23  was  experienced  momentarily  during  ramping 
of  each  pocket  with  the  1^  inch  diameter  cutter.  Production 
tooling  was  used  and  vacuum  read  24  inches  of  mercury  during  the 
tests.  Programming  was  revised  to  be  more  compatible  with  the 

guidelines. 


3.2  Quality  Comparison 


Table  L-IV  summarizes  the  inspection  results  for  three  pieces 
of  16B1262-13  and  one  piece  of  -21,  all  production  programmed  and 
machined.  Also,  six  RTC- programmed  pieces  are  reported  on,  three 
-21  and  three  -23.  All  of  these  are  identical  except  for  minor 
differences  in  geometry  caused  by  engineering  changes.  No  signi¬ 
ficant  difference  in  quality  between  the  four  production  pieces 
and  the  six  RTC  pieces  is  apparent;  however,  RTC  programming  did 
produce  one  part,  S/N  F219521A,  without  any  dimensional  discrep- 
Lcies.  One  piece,  S/N  004,  was  finally  scrapped  after  inspec¬ 
tion  and  deliberation  on  whether  or  not  to  repair;  however,  the 
decision  to  scrap  was  not  a  reflection  on  the  programming  since 
the  cause  was  a  machine  malfunction  causing  the  cutter  to  cut 
through  a  flange.  A  tooling  failure  delayed  resolution  of  dis¬ 
crepancies  on  S/N  F471743. 

3.3  Machining  Time  Comparison 


Table  L-V  summarizes  the  machining  time  for  each  of  the  six 
RTC  parts  for  16B1262  and  compares  the  time  with  that  required  by 
conventional  production  programming.  The  first  part,  S/N  F4630j1, 
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was  improperly  programmed  and  was  run  on  a  malfunctioning  machine 
that  ran  too  slow,  resulting  in  non-typical  cutting  time.  The 
cutting  time  for  this  part  was  therefore  not  included  in  the  aver¬ 
ages  and  percentages  presented. 

The  remaining  five  pieces  show  an  average  reduction  in  cutting 
time  of  119.7  -  56.8  or  62.9  minutes  (1.05  hours),  an  average 
reduction  in  cutting  time  of  53%.  The  tooling  time  includes  the 
time  required  to  remove  and  re-install  the  tooling,  for  S/N  F219521A, 
a  typical  event  that  needs  to  be  included  in  order  to  achieve  a 
realistic  comparison  of  total  time  on  the  machine.  The  reduction 
in  total  time  is  36?o. 

The  comments  made  for  the  first  part  re-programmed,  16B5222, 
regarding  over-ride  conservation  on  production  machining  and 
running  the  RTC  tapes  at  100%  apply  equally  to  16B1262. 
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FIGURE  L-1  PRODUCTION  DRAWING  -  F-16  PART  16B5222 


FIGURE  L-2  RTC/NC  MACHINED  PART  -  16B5222-7 
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FIGURE  L-3  PRODUCTION  DRAWING  -  F-16  PART  16B1262 
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